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HAMP Domain and Signaling Mechanism of the Aer Protein

by

Qinhong Ma

Doctor of Philosophy, Graduate Program in Microbiology and Molecular Genetics
Loma Linda University, December 2001
Dr. Barry L. Taylor, Chairperson

Escherichia coli utilizes the Aer protein to sense changes in the intracellular
energy level and guide the bacteria to a niche where the cellular energy level is optimal.
Aer contains a PAS sensory domain and an FI fragment in the N terminus and a
chemotaxis signaling domain in the C terminus, separated by a putative transmembrane
region. In this dissertation, I report that the linker region of Aer (residues 205-265),
which joins the transmembrane region to the signaling domain, is a conserved signal
transduction module in numerous methyl-accepting chemoreceptors, histidine kinases,
adenylyl cyclases, and other sensory proteins in all three domains of life. The linker
region is re-designated as a “HAMP” domain that might mediate sensing, propagation of
transmembrane signals, or protein-protein interactions.
The Aer HAMP domain was essential for aerotaxis signaling. Deletion of part of
the Aer HAMP domain eliminated binding of the FAD cofactor to the PAS domain and
abolished aerotactic responses. An overexpressed Aer HAMP domain fragment inhibited
Aer-mediated responses. Mutagenesis of the Aer HAMP domain identified essential

xiv

residues for aerotaxis signaling. In the region 230-249, the AerV230D, R235C, R235E,
L239Q, L239R, L241P, Q248R, and L249P mutations individually abolished FAD
binding and thus, aerotaxis signaling. The D259H, V260A, S262G, and S265P mutations
abolished responses but not FAD binding. The AerV264M mutation inverted aerotactic
responses. Mutants with a novel “super swarming” phenotype were also identified. The
mechanism by which the mutations interfered with aerotaxis signaling was studied. The
Aer HAMP domain is proposed to contain three amphipathic helices.

The first

amphipathic sequence (residues 207-233) was required for proper folding of the N
terminus of Aer. Mutations that abolished FAD binding were clustered in the second
putative amphipathic helix (residues 234-251), whereas mutations in the third
amphipathic helix did not abolish FAD binding. Based on these findings I propose a role
for the Aer HAMP domain in aerotaxis signal transduction.

Namely, subdomain 1

stabilizes folding of the N terminus and maintains membrane topology of the protein.
Subdomain 2 interacts with the PAS domain and/or FI region to stabilize the FADbinding conformation and receives sensory signals. Subdomain 3 mediates dimerization
and signal transduction from the HAMP domain to the signaling domain.

xv

CHAPTER ONE
INTRODUCTION
A. Background
Motile bacteria sense and respond to changes in their environment by swimming up
or down gradients of specific attractants or repellents. Bacteria sense changes in a wide
range of chemical compounds, oxygen, redox potential in the electron transport chain,
pH, temperature, light, and even the magnetic field of the Earth. These behaviors were
correspondingly termed chemotaxis, aerotaxis, redox taxis, pH taxis, thermotaxis,
phototaxis, and magnetotaxis. The sensory signals are compared to identify the optimal
environment for bacterial development. Taxis to the favored environment provides
motile bacteria with a survival advantage.
Bacterial behavioral responses have been documented for over 100 years (for reviews
of historical developments, see Armitage, 1999; Berg, 1975; Taylor, 1983a). Engelmann
first reported that aerobic bacteria had the tendency to accumulate at the edge of a cover
glass or around trapped air bubbles. He also first described the photosensitive behavior
of photosynthetic bacteria (Engelmann, 1883). Later, Pfeffer developed a capillary
method, by which he observed bacteria accumulating around or being repelled by a fine
glass capillary filled with certain chemicals (Pfeffer, 1883). The capillary assay is still a
popular tool for chemotaxis analysis today. Pfeffer reported that the relative strength of
the attractants and the repellents determined the attractive or repellent response. He also
suggested that different sensory pathways might interact because a strong positive
chemoattractant could decrease a repellent response to osmolites (Pfeffer, 1904). In
1893, Beijemck demonstrated aerotaxis by showing that a variety of motile bacteria
1

placed in a test tube filled with water could form a sharp band near the air-liquid surface.
The band would ascend or descend if oxygen was depleted or added to the atmosphere
above the tube. Hence, he postulated that bacteria seek an optimal oxygen concentration
(Beijerinck, 1893). Baracchini and Sherris (1959) extended these studies by testing
different species using the capillary assay and confirmed that bacteria are attracted
toward a partial pressure of oxygen that was optimal for their metabolic life-styles.
Nevertheless, all the early studies were physiological and observational. It was Julius
Adler who commenced the modem era of studies in bacterial chemotaxis by using
molecular genetic techniques to investigate the sensory transduction mechanism.
Alder first demonstrated that bacteria sensed the attractants per se, whereas transport
and metabolism of the chemoeffectors were unnecessary for chemotaxis (Adler, 1969).
Alder developed swarm plate and quantitative capillary assays for measuring both
positive and negative behavioral responses (Adler, 1973; Armstrong and Adler, 1969a;
Tso and Adler, 1974). He also isolated several chemotactic mutants (Armstrong and
Adler, 1969a,b), which led to identification of three chemoreceptors, Tsr, Tar, and Trg
(Kondoh et ah, 1979; Mesibov and Adler, 1972), and three che genes, cheA, cheB, and
cheC, for chemotactic regulation (Armstrong and Adler, 1969b). Based on these studies,
tremendous progress was made in elucidating the molecular mechanism of signal
transduction in bacterial chemotaxis.
In general, chemotaxis is accomplished by integrating signals from the receptors that
sense the environmental stimuli and transmitting a common signal to the flagellar motor
to modulate the direction of flagellar rotation that propels the bacteria (for reviews, see
Armitage, 1999; Falke et al., 1997; Stock and Surette, 1996). Bacterial chemotaxis is the
2

first behavioral system being elucidated at the molecular level. Owing to the easy
accessibility of the chemotaxis pathway to genetic, biochemical, and biophysical
approaches, studies of bacterial chemotaxis have contributed to the understanding of
signal transduction in more complex organisms.
B. Chemotaxis
1. Overview
In the absence of a stimulus, a motile bacterial cell executes a three-dimensional
random walk swimming pattern consisting of smooth swimming that is interrupted
periodically by abrupt tumbling (Berg and Brown, 1972). Tumbling results from a brief
reversal of the direction of flagellar rotation that causes the cell to stop briefly and
resume swimming in a new direction. Chemotaxis is effected by modulating the
frequency of tumbling. Cells sense the rate of changes in the concentrations of the
attractants or repellents as they swim through a gradient, rather than directly monitoring
the spatial gradient of the chemoeffectors (Macnab and Koshland, 1972). When a cell is
swimming up an attractant gradient, the chemotaxis pathway detects an increasing
attractant concentration with time, and sends a signal to the flagellar motor to suppress its
tendency to tumble, and thereby extends the length of smooth swimming up the gradient.
Conversely, if the cell senses a decrease in the attractant concentration or an increase in
the repellent concentration with time, the tumbling frequency is increased so that the cell
can change its swimming direction to move away from the unfavored surroundings (Berg
and Brown, 1972). The consequence of modulation in the tumbling frequency leads to a
net migration of the cell to a desired environment. In an environment with a mixture of

3

attractant and repellent stimuli, bacteria are able to integrate the competing signals and
respond to the algebraic sum of the stimuli (Tsang et al., 1973).
Currently, the best-characterized chemotaxis pathways are those from Escherichia
coli and Salmonella enterica serovar Typhimurium (see Falke et al, 1997; Stock and
Surette, 1996, for reviews). In both organisms, there are six cytoplasmic signal
transduction proteins CheA, CheB, CheR, CheW, CheY, and CheZ (Fig. 1.1). In addition
to these components, each cell has a family of membrane-spanning receptors that
response to different sets of attractant and repellent stimuli. The receptors are regulated
by methyl esterification at conserved glutamate residues, and therefore, were termed
methyl-accepting chemotaxis proteins (MCPs) or chemoreceptors (Kort et al, 1975).
The chemoreceptors form ternary complexes with the CheW and CheA proteins (Gegner
et al, 1992). CheA is a protein histidine kinase that phosphorylates itself at a histidine
residue using ATP (Hess et al, 1988a). The phosphoryl group is subsequently
transferred to a specific aspartate residue in CheY (Hess et al, 1988a; Sanders et al.
1989). Phospho-CheY diffuses through the cytoplasm and binds to a flagellar switch
protein, FliM, to reverse the direction of flagellar rotation, causing a repellent response
(tumbling) (Welch et al, 1993, 1994). CheZ dephosphorylates phospho-CheY, removing
the tumbling signal so that the cell restores smooth swimming (Hess et al, 1988b).
Addition of an attractant or removal of a repellent inhibits the CheA kinase activity,
thereby decreasing the rate of CheY phosphorylation to favor smooth swimming. On the
other hand, addition of a repellent or removal of an attractant activates the kinase activity,
leading to an increase in phosphorylation of CheY that causes the cell to tumble.

4

Fig. 1.1. Scheme of the E. coli chemotaxis pathway. The dimeric chemoreceptors
signal through the cytoplasmic membrane into the cytoplasm, where they bind to the
adaptor protein CheW and the histidine kinase CheA. CheA transfers the phosphoryl
group to the response regulator CheY.

Phospho-CheY then diffuses through the

cytoplasm and interacts with the flagellar motor, causing a counter-clockwise (CCW)
flagellar rotation. CheZ removes the phosphoryl group from phosphoryl-CheY and
terminates the CCW signal. Binding of an attractant to the chemoreceptor inhibits the
CheA kinase activity and causes smooth swimming. On the contrary, binding of a
repellent increases the CheA kinase activity, leading the cell to tumble.

CheR

transfers methyl groups from S-adenosyl methionine (AdoMet) to conserved
glutamate residues on the cytoplasmic signaling domain of the chemoreceptors to
adapt to the attractant responses. CheB removes these methyl groups to adapt to the
repellent responses.

5

Periplasm
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In addition, two enzymes are involved in the adaptation mechanism. The
methyltransferase CheR catalyzes methylation and the methylesterase CheB removes the
methyl groups from the chemoreceptors (Fig. 1.1). Attractants cause an increase in
receptor methylation that activates the kinase and leads to adaptation to attractants.
Conversely, demethylation forces the chemoreceptors into a state that inactivates the
kinase, providing a negative feedback mechanism for adaptation to repellents (Springer
and Koshland, 1977; Stock and Koshland, 1978). Adaptation resets the bacterial cells to
a prestimulus state and enables them to respond to future changes in the environment.
Sequence analyses of the chemotaxis proteins have revealed that CheA, CheY, and
CheB are members of the two-component phosphorelay systems (Stock et al., 1985,
1990). The so-called two-component phosphorelay system for signal transduction is
ubiquitous in prokaryotes and lower eukaryotes. It is involved in regulation in
chemotaxis, cell division, pathogenesis, antibiotic resistance, metabolic utilization,
response to environmental stress, sporulation, outer membrane protein expression, and
many other processes (for reviews, see Fabret et al., 1999; Grebe and Stock, 1999;
Parkinson, 1993; Parkinson and Kofoid, 1992; Pirrung, 1999; Stock et al., 2000). The
common components of this regulatory system are: (i) a sensory histidine kinase to detect
environmental stimuli, (ii) a response regulator that is phosphorylated by the histidine
kinase, (iii) a target, such as the flagellar motor or the transcription activators, that is
regulated by the response regulator, and (iv) a phosphatase that dephosphorylates the
response regulator. In the chemotaxis system, the histidine kinase CheA does not have a
sensory domain. Instead, multiple chemoreceptors integrate signals from different
environmental stimuli and regulate autophosphorylation of CheA. Phospho-CheA
7

phosphorylates the response regulators, CheY and CheB, which modulates the flagellar
motor and demethylates the chemoreceptors, respectively. The chemotaxis pathway has
become a paradigm for the two-component signal transduction system and has aided in
demonstrating the role of histidine kinases and phosphorylation in other two-component
regulatory systems.
2. Chemoreceptors
E. coli chemoreceptors possess conserved cytoplasmic domains that bind to the CheA
histidine kinase and are covalently modified by adaptation enzymes. Currently, over 361
chemoreceptors have been identified by sequence analysis (http://smart.emblheidelberg.de/smart; Schultz et al., 1998). Most of the chemoreceptors fall into a class of
receptors that are composed of extracellular and cytoplasmic domains connected by one
or two transmembrane (TM) regions. Members of this class include the receptor for
epidermal growth factor (Ullrich et al, 1984), nerve growth factor (Johnson et al, 1986),
insulin (Ullrich et al, 1985), erythropoietin (D'Andrea et al, 1989), or interleukin
(Greene et al, 1985). These receptors are environmental sensors that transmit
extracellular information into a cell where the signals are processed. The mechanism of
signal transduction by the chemoreceptors has been studied intensively using genetic,
biochemical, and crystallographic techniques. It involves a conformational change.
induced by ligand binding to the extracellular (periplasmic) domain, that is transmitted
perpendicular to the plane of the membrane to the cytoplasmic signaling domain. A
receptor chimera formed with the periplasmic domain of the E. coli aspartate receptor
(Tar) and the cytoplasmic tyrosine kinase domain of the human insulin receptor exhibited
tyrosine kinase activity upon stimulation with aspartate, suggesting that the mechanism
8

for signal transduction between the bacterial and mammalian receptors of this class are
very similar (Moe et al, 1989).
In E. coli, there are four chemoreceptors: Tsr, Tar, Trg, and Tap. All four receptors
are between 533 and 553 amino acids in length, with a size of approximately 60 kDa in
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Boyd and
Simon, 1980). Each chemoreceptor has a periplasmic ligand binding domain (or sensory
domain) that is flanked by two hydrophobic TM sequences, TM1 and TM2 (Fig. 1.2).
The cytoplasmic domain of the chemoreceptor is divided into a linker region, two
methylation helices (MH1 and MH2, or K1 and Rl), and a highly conserved domain
(HCD) (Ames et al, 1988; Krikos et al, 1983; Wang and Koshland, 1980). Crosslinking and crystallographic studies have established that the chemoreceptors exist
primarily as stable homodimers regardless of the presence of their ligands (Kim et al,
1999; Milligan and Koshland, 1988).
a. The Periplasmic Sensory Domain
The chemoreceptor sensory domain recognizes specific chemical signals to initiate
the events of signal transduction. In most chemoreceptors, the sensory domain is located
in the periplasm, where it recognizes a small-molecule ligand or a periplasmic binding
protein (PBP) (Stock and Surette, 1996). As expected, there is little sequence homology
between the sensory domains of different chemoreceptors since they sense different
stimuli. In E. coli, Tsr responds to the attractant serine, and the repellents leucine,
acetate, indole, and pH decrease (Clarke and Koshland, 1979; Melton et al, 1978;
Mesibov and Adler, 1972). Tar senses the attractants aspartate, maltose, pH, and several
divalent metal cation repellents such as nickel (Ni2+) and cobalt (Co2+) (Clarke and
9

Fig. 1.2. Model of an E. coli serine receptor (Tsr) dimer. A. Ribbon diagram
showing the secondary structure. The methylation sites (Gln297, Glu304,
Gln311, and Glu493) are shown by spheres. The ligand serine is drawn as a
sphere partially hidden at upper left comer. This figure is adapted from Kim et
al. (1999) with permission. B. Schematic diagram of the receptor spanning the
membrane. The presumed membrane bilayer is represented by a band with
vertical lines. Landmark residues are indicated by arrows. The length of each
domain is shown on the right. Computer-modeled portions without available
crystal structure are less reliable. These include residue one to the end of TM1,
the beginning of TM2 to residue 293, and residues 521 to 551.
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Koshland, 1979; Hazelbauer, 1975; Ingolia and Koshland, 1979; Melton et al., 1978;
Mesibov and Adler, 1972). Trg detects the attractants ribose and galactose (Kondoh et
al, 1979). Tap senses dipeptides and tripeptides as attractants, and phenol as a weak
repellent (Manson et al, 1986; Yamamoto et al, 1990). Tsr, Trg, and unmethylated Tar
are also “warm sensors”, which mediate attractant and repellent responses upon increases
and decreases in temperature, respectively (Maeda and Imae, 1979; Mizuno and Imae,
1984; Nara et al, 1991). In contrast, Tap and fully methylated (aspartate-bound) Tar are
“cold sensors”, which mediate the opposite responses to temperature (Nara et al, 1991,
1996).
The periplasmic sensory domain of Tar in S. Typhimurium has been cloned as a
water-soluble fragment. The purified protein forms a homodimer and retains the wild
type ligand-binding abilities (Danielson et al, 1994; Milligan and Koshland, 1993). The
crystal structure of this isolated domain has been determined in the presence and absence
of aspartate (Milbum et al, 1991; Scott et al, 1993; Yeh et al, 1993, 1996). Each
subunit (or monomer) of the homodimer is an antiparallel four-helical bundle with
aspartate bound at the dimer interface to one of the two nonoverlapping symmetric
binding sites (Fig. 1.2). Aspartate binding to Tar exhibits strong negative cooperativity,
suggesting that the binding of one aspartate molecule to one subunit reduces the affinity
to aspartate of the other subunit (Biemann and Koshland, Jr., 1994; Danielson et al.
1994; Kolodziej et al, 1996; Milbum et al, 1991; Milligan and Koshland, 1993; Yeh et
al, 1996). The Tar protein of £. coli is able to bind a small amino acid, aspartate, and a
large protein, the ligand-bound maltose binding protein (MBP), thereby providing an
ideal model for studying the mechanism of sensing different chemoeffectors (Koiwai and
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Hayashi, 1979; Kossmann et al., 1988; Manson and Kossmann, 1986; Richarme et al,
1982). Genetic studies have revealed that Tar with missense substitutions of the arginine
codons, Arg64, Arg69, and Arg73, are responsive to maltose but not aspartate (Wolff and
Parkinson, 1988). In the crystal structure of Tar from S. Typhimurium, these residues are
directly involved in aspartate binding. On the contrary, missense substitutions in the E.
coli tar that respond to aspartate but not maltose (Gardina et al., 1992; Scott et al, 1993)
are located in the MBP-binding site predicted by computational simulation based on the
crystal structure of the Salmonella Tar receptor (Stoddard and Koshland, 1992, 1993;
Zhang et al, 1999). Complementation analyses of tar mutations indicates that MBP
interacts with both monomers of a Tar dimer at one of the two symmetrical, partially
overlapping sites that differ from the aspartate binding site (Gardina et al, 1997). Steric
hindrance prevents two MBP molecules from interacting with a single Tar dimer
simultaneously (Mowbray et al, 1985; Mowbray and Koshland, 1987; Stoddard and
Koshland, 1992). Interestingly, studies of different mutant Tar receptors, in which the
aspartate and MBP binding sites are in either the same or the opposite monomers in a
dimer, reveal that aspartate and maltose can transmit signals independently if the two
binding sites are in the opposing orientation (Gardina et al, 1998). This result helps to
explain the additive and independent responses to aspartate and maltose observed
previously.
The crystal structure of the sensory domain of Tar provides a basis for studying the
sensory domains of other chemoreceptors. The structure of the Tsr sensory domain has
been modeled from that of Tar and the serine binding sites are predicted based on
previous genetic studies (Jeffery and Koshland, Jr., 1993). Similar to Tar, Tsr exhibits
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half-site reactivity, with one serine molecule bound per Tsr dimer (Gardina et al, 1997;
Lin et al., 1994; Stoddard and Koshland, 1992). It follows that negative cooperativity
and asymmetrical binding of the chemoeffectors are general signaling mechanisms of the
chemoreceptors.
b. Transmembrane Region
The transmembrane regions consist of four membrane-spanning a helices, TM1 and
TM2, from each subunit of a receptor dimer (Fig. 1.2; Milbum et al., 1991). The TM1
and TM2 helices are contiguous with the al and a4 helices of the periplasmic sensory
domain, respectively. Cysteine substitution and cross-linking studies of a Tar homodimer
suggest that the TM helices form a loose four-helical bundle with the TM1 helices closely
associated along one face, and the TM2 helices peripheral to the central axis defined by
TMl-TMl' (Fig. 1.2; Lynch and Koshland, Jr., 1991; Pakula and Simon, 1992). This
model has been strengthened by a random mutagenesis study (Maruyama et al., 1997)
and cysteine scanning analyses utilizing engineered disulfide bonds (Chervitz et al.
1995; Chervitz and Falke, 1995; Falke and Koshland, 1987; Tatsuno et al, 1994).
Cysteine cross-linking studies also predict similar arrangements of the TM helices for Trg
(Lee et al, 1995a; Lee and Hazelbauer, 1995).
c. Transmembrane Signaling
Extensive studies have been carried out on the mechanisms involved in signal
transduction across the membrane. In contrast to many mammalian receptors that signal
by oligomerization upon ligand binding (Ullrich and Schlessinger, 1990), chemoreceptors
are stable homodimers despite the presence of the ligands (Milligan and Koshland, 1988).
Chemoreceptors that are cross-linked across the dimeric interface through engineered
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disulfide bonds retain the activities (Chervitz et al., 1995; Falke and Koshland, 1987; Lee
et al, 1995b). Chemoreceptors signal via an intra-dimer conformational change instead
of dependence on monomer-dimer equilibrium. Several independent studies have
revealed that the transmembrane signal is carried by TM2. Engineered disulfide and
cross-linking studies of an isolated periplasmic fragment or a full-length Tar protein in
the receptor-kinase ternary complex have revealed that transmembrane signaling requires
movement of the second transmembrane helix (a4/TM2) relative to the static subunit
(Chervitz et al, 1995; Chervitz and Falke, 1995, 1996). Disulfide bonds linking the
signaling helix (ot4/TM2) to the TM helix in the same subunit (al/TMl) inhibit
signaling, in distinction from the disulfide bonds linking the al/TMl and alVTML
helices at the subunit interface that have little or no effect on signaling. Engineered
disulfide studies of Trg also show that it is the a4/TM2 helix that mediates the
transmembrane signaling, because disulfide bonds between al/TMl and alVTML have
no effect on receptor function, whereas disulfide bonds constraining the a4/TM2 helix
block signaling (Lee et al, 1995b). The observation that ligand binding displaces only
one of the two signaling helices raised the possibility that the transmembrane signal is
generated within one subunit (Chervitz and Falke, 1996). Genetic studies have confirmed
this hypothesis by showing that the extracellular signal is transmitted within a subunit in
which the signaling helix (a4) contacts the bound aspartate (Gardina and Manson, 1996;
Tatsuno et al, 1996). The cytoplasmic domain of the other receptor monomer can be
removed without blocking the signal if the linker region remains intact.
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Although the TM2 helix has been recognized as the signaling helix, the nature of its
movement remains elusive. Currently there are two models of movement upon signaling
that are widely accepted (for a comprehensive review of these models, see Rebbapragada,
2000).

i) The Piston Model
Lynch and Koshland (1992) proposed the piston model in which the TM2 helix
moves perpendicular to the plane of the cytoplasmic membrane. Distance difference
analyses on Tar show that one subunit of the sensory domain is unchanged upon ligand
binding (Chervitz and Falke, 1996; Milbum et al., 1991). Aspartate binding only
displaces the a4/TM2 helix, eliciting a vertical, approximately 1.6-angstrom (A) piston
movement directed toward the cytoplasm as well as a subtle 5° swinging rotation. In
contrast to the a4/TM2 helix, the other three TM helices within the dimer (al/TMl,
aT/TMT, and a4/TM2), along with the subunit interface, have no detectable change
upon aspartate binding (Chervitz and Falke, 1996). The 19fluorine nuclear magnetic
resonance (19F NMR) studies of the Tar sensory domain and the electron paramagnetic
resonance (EPR) spectroscopic studies of a spin-labeled Tar receptor reveal that
transmembrane signaling is fulfilled by conformational changes within one subunit of the
receptor dimer (Chervitz and Falke, 1996; Danielson et al., 1994; Ottemann et al, 1998,
1999). In all cases, aspartate binding causes a 1-A downward piston-type movement of
the a4/TM2 helix with respect to the other TM helices within a receptor dimer. The
actual net movement of the a-helix backbone could be up to 2.5 A as a result of the
multiple conformations of the side chain. The piston mechanism is thought to transmit
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periplasmic signals to the rigid cytoplasmic signaling domain and alter its structure or
dynamics, which in turn modulates the CheA kinase activity.
In vivo cross-linking studies on the TM helices of Trg also indicate that docking of
the ribose-binding protein (RBP) triggers a piston-type movement of the a4/TM2 helix
toward the cytoplasm while maintaining a static subunit interface (Hughson and
Hazelbauer, 1996). It appears that the piston-type movement is induced by both smalland large-molecule attractants and might be a general mechanism utilized by most
chemoreceptors.
Although the significance of the piston action in signaling is established, it remains to
be determined whether the 5° tilt is also required for receptor function. Most likely, the
piston-type movement would transmit the signal across the cytoplasmic membrane more
effectively than the tilting movement because the stiffness of the a-helix toward
compression and stretching is greater than that toward bending (Falke et al., 1997).
ii) The Rotation Model
The rotation model is based on the analysis of the high-resolution crystal structures of
the ligand-ffee (apo form) and ligand-bound sensory domains of Tar (Yeh et al, 1996)
and is supported by subsequent crystallographic data (Chi et al, 1997). The sensory
domain in the apo form is a symmetrical dimer in which both subunits are equivalent and
the two aspartate-binding sites are identical. According to the rotation model,
transmembrane signaling is achieved by inter-subunit rotation within a receptor dimer.
Aspartate binding causes an approximately 3 to 4.2 A rotation of one subunit with respect
to the other subunit (Yeh et al, 1996). Cysteine cross-linking and solution nuclear
magnetic resonance (NMR) studies indicate that TM2 rotates upon attractant binding.
17

which signals through the cc4 helix of the periplasmic sensory domain (Falke et ai, 1992;
Lee et al, 1995a; Luck and Falke, 1991).
d. The Cytoplasmic Domains
The cytoplasmic domains of the chemoreceptors exhibit large regions of homology,
even between the most distantly related organisms, indicating a similar domain
architecture (Le Moual and Koshland, 1996). This domain plays a central role in
integrating the extracellular and adaptive signals to regulate the associated CheA
histidine kinase. Mutations in either the cytoplasmic domain of the intact receptors or in
the isolated cytoplasmic domains can generate biased signaling phenotypes in vivo, and
locked or altered kinase activity in vitro (Ames et al, 1988, 1996; Ames and Parkinson,
1988; Bass and Falke, 1998; Danielson et al, 1997; Liu et al, 1997; Surette and Stock,
1996). Recent progresses in structural analyses of the E. coli Tsr chemoreceptor and the
S. Typhimurium Tar chemoreceptor using crystallographic and biochemical approaches,
respectively, have provided novel insights into the mechanism of receptor adaptation and
kinase regulation (Bass and Falke, 1999; Kim et al, 1999).
i) Structure of the Cytoplasmic Domain
The crystallized fragment of Tsr (residues 286 to 526) includes the MH1, MF12, and
HCD regions, and a C-terminal CheR-binding site (Kim et al, 1999). The crystal
structure reveals two long antiparallel coiled-coil oc-helices connected by a short “U-turn”
(Fig. 1.2). Two of these domains from a receptor dimer form a supercoiled four-helical
bundle, in which four cc-helices pack against each other with predominantly hydrophobic
residues buried inside the bundle. Cysteine scanning and solvent exposure studies on the
cytoplasmic domain of Tar have not only confirmed the extended four-helical bundle
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structure but also disclosed the same exposed and buried faces as those detected by
crystallography (Bass and Falke, 1999). This coiled-coil structure has confirmed the
prediction by sequence analysis that most of the first and forth residues in the helices are
hydrophobic and buried (Le Moual and Koshland, 1996). In addition, the crystal
structure identified a second heptad repeat in which most of the third and seventh
residues are buried (Kim et al., 1999). This “double-heptads” repeating pattern is thought
to be a common feature of the multiple helical bundles because each helix is in contact
with two other helices.
In addition, the crystal structure reveals that the residues near the “U-turn” in a dimer
interact with the residues from two other dimers to form a trimer of dimers (Kim et al.
1999). The interacting residues are completely conserved in all chemoreceptors. The
“trimer of dimers” is proposed to be an intrinsic property of the chemoreceptors and may
relate to the clustering of the chemoreceptors observed in vivo (Maddock and Shapiro,
1993; Skidmore et al, 2000) and to the cluster of the C-terminal signaling domains
formed in vitro (Liu et al, 1997). It is not yet clear whether receptor clustering plays a
role in signal transduction and kinase regulation. Current hypotheses on the possible
roles of the receptor clusters will be discussed in section B.5 of this chapter.
ii) The Linker Region
The second transmembrane helix (TM2) is joined to the first methylation helix (MH1)
by a so-called “linker region” in the chemoreceptors. The linker region was previously
considered as a mechanical linker because its functional importance was not recognized
until recently. Genetic and biochemical studies carried out in several laboratories have
found this fragment to be essential for signal transduction from the periplasm to the
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cytoplasm. Several mutations in Tsr that lock the signaling output state are located in this
region (Ames et al., 1988; Ames and Parkinson, 1988). Cysteine scanning has revealed a
high density of mutations in the linker region of Tar that abolish the function or affect the
expression of the mutant proteins (Butler and Falke, 1998). In addition, receptor dimers
lacking one of the cytoplasmic domains retain the ability to regulate the kinase activity
only if the linker regions in both subunits are retained (Gardina and Manson, 1996;
Tatsuno et al, 1996). Presumably, the linker region plays a crucial role in transmitting
the conformational change from the TM2 helix to the cytoplasmic signaling domain
(Butler and Falke, 1998).
The dynamic nature of the linker region has hindered crystallographic analysis.
Several indirect approaches were carried out to probe the structure of the linker region.
Early studies with circular dichroism (CD) spectroscopy (Malhotra et al, 1995; Mowbray
et al, 1985) and hydrodynamic measurements (Long and Weis, 1992) indicate that the
entire C terminus of Tar is primarily an elongated rod-shaped a-helix. Sequence analysis
shows that the second 15 residues of the linker region exhibit a hydrophobic periodicity
(hydrophobic residues in the first and fourth positions in the tandem heptad pattern)
expected for an amphipathic a-helix (Le Moual and Koshland, 1996) that is termed the
putative helix a5 (Danielson et al, 1997). Cysteine scanning and solvent exposure
measurements suggest the linker region of Tar as two amphipathic helices separated by
an undetermined secondary structure (Butler and Falke, 1998). The end of the linker
region is defined by a proteolytic site (Arg259 in Tar) followed closely by a phase shift in
the putative a-helical periodicity (Le Moual and Koshland, 1996), suggesting the
presence of a hinge or loop between the putative a5 helix and the MH1 helix.
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A bioinformatic study in this dissertation identified the linker region of most
chemoreceptors and histidine kinases of the two-component phosphorelay system as a
conserved domain for signal transduction (see Section C in Chapter three). Aravind and
Ponting (1999) have reached the same conclusion and renamed the linker region as a
“HAMP” (histidine kinases, adenylyl cyclases, methyl-accepting chemoreceptors, and
phosphatase) domain, representing the protein groups from which this domain was
identified.
iii) The Methylation Regions
The two methylation regions are located in the cytoplasm, flanking the highly
conserved signaling domain (Fig. 1.2). They contain the regulatory methylation sites
targeted by the adaptation enzymes. The first methylation segment (MH1) is especially
critical to kinase regulation. First, it directly connects the signaling TM helix (TM2), via
the linker region/HAMP domain, to the signaling domain. Second, it contains a majority
of the consensus methylation sites (Stock and Surette, 1996; Terwilliger et al, 1986).
Furthermore, genetic studies have revealed that a number of point mutations in this
segment lock the output signals (Ames et al, 1988) and most of the second-site
suppressors to a mutant lysine residue in the TM1 helix are located in this region
(Oosawa and Simon, 1986). Overall, the methylation helices collect and integrate the
signals sent by the TM2 helix and the methylated side chains, and in turn transmit the
signals to the highly conserved signaling domain for kinase regulation.
The methylation sites are the glutamate side chains, in some cases generated by
deamidation of the glutamine residues. The rate of methyl esterification at each site is
correlated with the homology between the protein sequence at the site and the consensus
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sequences: Glu-Glu-X-X-Ala-Ser/Thr, where the methylated residue is underlined
(Terwilliger et al., 1986). MH1 contains three methylation sites, two of which are
consensus, whereas MH2 contains one or two nonconsensus methylation sites (Nowlin et
al, 1987; Rice and Dahlquist, 1991; Terwilliger and Koshland, 1984). Cysteine and
disulfide scanning studies have shown that the methylation helices are strongly
amphipathic, exhibiting a hydrophobic face and a charged face containing the
methylation sites and the recognition side chains (Danielson et al., 1997).
Crystallographic studies show that the methylation helices of a receptor dimer form an
antiparallel coiled-coil structure in which the methylation sites are wrapping around the
exposed face of the four-helical bundle (Kim et al, 1999). Site-directed mutagenesis and
engineered inter-subunit disulfide bond studies demonstrate that MH1 is critical for
kinase regulation because modifications of the buried residues within the four-helical
bundle often lock the kinase in its activated state (Danielson et al, 1997; Trammell and
Falke, 1999). The effect of methylation on receptor function will be discussed in section
B.4 of this chapter.
iv) The Highly Conserved Domain
The amino acid sequence in the signaling domain is highly conserved with over 60%
sequence identity even between the most distantly related eubacterial and archaeal
species (Le Moual and Koshland, 1996; Rudolph et al, 1996). The importance of the
signaling domain is emphasized by the observation that the prevalence of lock-on
mutations is higher in this domain than anywhere else in the receptor (Ames et al., 1988;
Ames and Parkinson, 1988). The isolated signaling domain retains the ability to activate
the CheA kinase and mutagenesis studies have implicated this domain in the docking of
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CheA and CheW to form a ternary complex (Ames and Parkinson, 1994; Bass et al.
1999; Bass and Falke, 1998; Cochran and Kim, 1996; Liu and Parkinson, 1991; Surette
and Stock, 1996). In the crystal structure, HCD consists of two antiparallel coiled-coil
helices connected by a short reverse turn (Fig. 1.2). In the absence of CheW, the
conserved residues near the “U turn” in three monomers from three individual dimers
form a cluster that serve to organize the crystal (Kim et al, 1999). Most of the mutations
that lock the kinase activity are mapped in the buried interface of the four-helical bundle.
Therefore they may alter the conformation or dynamic property of the cytoplasmic
domain. A few mutations that alter kinase activity are found on the surface of the fourhelical bundle and may lie on or near the recognition sites for the interacting proteins,
CheW and CheA. The exposed hydrophobic residues on the surface of the dimer near the
“U turn” are probably involved in the inter-molecular interactions that stabilize either the
ternary complex or receptor clustering.
v) The C terminus
The C-terminal ends of the chemoreceptors beyond the MH2 helices exhibit
considerable variability in both sequence and length. A truncated S. Typhimurium Tar
protein lacking 35 residues from its C terminus is capable of responding to aspartate by
causing a smooth swimming bias but is unable to adapt because it is not methylated by
CheR (Russo and Koshland, 1983). Wu et al. (1996) showed that in high-abundance
receptors, Tsr and Tar, a C-terminal pentapeptide, which consists of the conserved
sequence Asn-Trp-Glu-Thr/Ser-Phe (NWETF), binds CheR specifically. The lowabundance chemoreceptors, Trg and Tap, lacking this consensus pentapeptide, are
methylated poorly in the absence of Tsr and Tar and exhibit extremely low tumbling
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frequencies (Bamakov et al., 1998; Feng et ai, 1997). In high-abundance receptors,
deletion or mutation of this pentapeptide reduces the methylation activity in vivo
(Okumura et al, 1998; Weerasuriya et al, 1998) and in vitro (Le Moual et al, 1997; Li
et al, 1997). By contrast, addition of an NWETF-containing fragment to the C terminus
of Trg or Tap can enhance their methylation (Feng et al, 1999; Weerasuriya et al, 1998).
3. Chemotaxis Signaling Proteins and the Phosphorylation Cascade
The structures and functions of the chemotaxis signaling components are mostly
established (Falke et al, 1997; Stock and Surette, 1996). The 71.3-kDa CheA kinase
consists of a PI phosphotransfer domain and a P2 response regulator docking domain at
the amino terminus, a dimerization domain and a kinase (or catalytic) domain in the
central region, and a regulatory domain at the carboxyl terminus (Fig. 1.3; Parkinson and
Kofoid, 1992). CheA forms a stable dimer with two antiparallel helical dimerization
domains (Bilwes et al, 1999), which also possess catalytic activity for regulation of
signaling (Morrison and Parkinson, 1997). The PI domain is a bundle of five helices
with a highly conserved sequence centering on a histidine residue, His48, which can be
autophosphorylated by the kinase domain using Mg2+-ATP as energy source (Grebe and
Stock, 1999; Hess et al, 1988c; Zhou et al, 1995; Zhou and Dahlquist, 1997). The P2
domain provides the docking site for CheY and CheB, which are the substrates of CheA
(Swanson et al, 1993). Structural and mutagenesis studies show that CheY and CheB
bind competitively and dock at a specific hydrophobic region of CheA at its N terminus
(Li et al, 1995; Parkinson and Kofoid, 1992). The kinase domain contributes to the most
conserved region of CheA (Parkinson and Kofoid, 1992; Stock and Surette, 1996). It
contains all of the motifs needed to bind Mg2+-ATP, recognize the PI domain, and
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Fig. 1.3. Domain organization of the CheA histidine kinase. CheA is composed of four
functionally distinct domains involved in phosphotransfer (PI), docking of the response
regulators (P2), dimerization and histidine autophosphorylation, and CheW/receptor
coupling. The flexible inter-domain linkers are represented as horizontal bars. The
phosphorylation site, His48, is shown in bold.
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catalyze its phosphorylation. The kinase domain shows striking similarity with two
functionally different ATPases, GyrB and Hsp90, which consist primarily of four pstrands and three oc-helices composing a deep cavity for binding ATP (Bilwes et al..
1999). The regulatory domain of CheA mediates its interaction with CheW and the
chemoreceptors (Bourret et al, 1993; Morrison and Parkinson, 1997). It has a topology
resembling that of SH3 domains (Bilwes et al, 1999), which regulate kinase activity in
higher organisms by mediating transient protein-protein interactions (Schlessinger, 1994).
The adapter protein CheW is a monomeric 18-kDa soluble protein (Gegner and
Dahlquist, 1991). It is a simple scaffold protein that couples CheA to the signaling
domain of the chemoreceptors and is absolutely required for receptor-mediated activation
of CheA kinase activity (Ames and Parkinson, 1994; Borkovich et al, 1989; Ninfa et al.
1991). CheW has independent binding sites for CheA and the chemoreceptors, thereby
bringing these proteins together to form the ternary complex (Gegner et al, 1992;
Swanson et al, 1993; Volz and Matsumura, 1991). Sequence analysis reveals that CheW
also possesses an SH3-like domain for interaction with CheA (Bilwes et al, 1999). The
rate of CheA autophosphorylation within the ternary complex can be more than 100-fold
greater than that of CheA alone. However, neither CheW nor the chemoreceptor alone
has a significant effect on CheA activity, suggesting all three proteins must be together
for activation of CheA (Borkovich et al, 1989; Borkovich et al, 1992; Ninfa et al.
1991).
The response regulator protein CheY has been purified as a 14-kDa globular
monomeric protein (Matsumura et al, 1984). The C-terminal portion of CheY consists
of three overlapping docking sites for CheA, CheZ, and FliM (McEvoy et al, 1998;
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McEvoy et al., 1999; Zhu et al, 1997a). Prior to phosphorylation, CheY binds to the P2
domain of CheA. Once CheA is phosphorylated, it rapidly transfers the phosphoryl
group to CheY (Bourret et al, 1991; Morrison and Parkinson, 1994; Stewart, 1997).
Phospho-CheY subsequently changes conformation allowing it to dissociate from CheA
and bind to the flagellar switch protein FliM, thereby inducing a tumbling response
(Welch et al, 1993; for a review of the output function, see Silversmith and Bourret,
1999). The crystal structure of CheY has been determined in several laboratories under a
variety of conditions (Bellsolell et al, 1994; Ganguli et al, 1995; Halkides et al, 2000;
Moy et al, 1994; Stock et al, 1989, 1993; Volz and Matsumura, 1991; Zhu et al, 1997b;
for a recent review on the structure, see Bren and Eisenbach, 2000). The structure of
CheY is likely common to the phosphorylation domains of all response regulators. It has
a central five-stranded parallel (3-sheet surrounded by five a-helices, in which the
phosphorylation site (Asp57) is identical in all members of the response regulator
superfamily (Volz, 1993). Phosphotransfer from the phospho-histidine in CheA to Asp57
in CheY is in large part catalyzed by CheY itself (Lukat et al, 1992). The protein
undergoes a global conformational change upon phosphorylation (Drake et al, 1993;
Lowry et al, 1994; Welch et al, 1998), that decreases its affinity for CheA but
significantly increases its affinity for FliM and CheZ (Welch et al, 1993, 1994; Blat and
Eisenbach, 1996a,b).
CheZ has little sequence similarity to proteins outside the y-subdivision of the
proteobacteria. It plays a major role in inactivating CheY and terminating the tumbling
signal by speeding the dephosphorylation of phospho-CheY (Hess et al, 1988a). Similar
to FliM, CheZ binds to the phosphorylated CheY (Blat and Eisenbach, 1994). It has been
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established that CheZ dephosphorylates free phospho-CheY and causes the dissociation
of phospho-CheY from FliM by shifting the equilibrium between the free and bound
phospho-CheY (Fig. 1.1) (Bren et al., 1996). However, it is not known whether CheZ
enhances the intrinsic auto-dephosphorylation activity of CheY or it possesses an
independent phosphatase activity. Genetic and biochemical studies indicate that most
mutations severely affecting dephosphorylation of phospho-CheY are clustered on a
putative N-terminal domain of CheZ (Boesch et al., 2000). CheZ has been isolated as a
dimer of 24 kDa subunits but assembles into oligomers with phospho-CheY but not
CheY (Blat and Eisenbach, 1994, 1996a,c; Stock and Stock, 1987). The central portion
of CheZ mediates oligomerization that is important for the activity (Blat and Eisenbach,
1996a,b,c; Bren et al, 1996; Scharf et al, 1998). Recently, a yellow fluorescent protein
(YFP) fusion study has localized CheZ and CheY to the higher-order receptor-kinase
complex at the cell poles (Sourjik and Berg, 2000). Much remains to be learned about
the CheZ protein, including its structure, the mechanism by which it stimulates
dephosphorylation of phospho-CheY, the nature of phospho-CheY docking, and its
regulatory inputs (if there is any).
4. Adaptation
Adaptation, namely, restoration of the prestimulus behavior despite the continued
presence of the stimulus, is essential for every signal transduction pathway. Adaptation
in bacterial chemotaxis is accomplished by a feedback mechanism that involves changes
in the methylation level of glutamate residues in the chemorecptors (Springer et al, 1979;
for reviews, see Falke et al, 1997; Stock and Surette, 1996). The methyltransferase
CheR catalyzes the transfer of methyl groups from the methyl donor S-adenosyl29

methionine (AdoMet) to four to six specific glutamate residues in chemoreceptors during
adaptation to positive stimuli (Simms et al., 1987; Springer and Koshland, 1977). The
outcome is an enhancement of CheA autophosphorylation. The methylesterase CheB
catalyzes the hydrolysis of the methyl ester bonds on the side chains of the glutamate
residues and yields free methanol during adaptation to negative stimuli and results in
inhibition of CheA kinase activity (Fig. 1.1) (Stewart and Dahlquist, 1988; Stock and
Koshland, 1978). In the case that there is a glutamine residue at the site of glutamate in
several chemoreceptors, CheB also functions as an amidase to convert glutamine residues
into glutamates that are subjects to methylation (Rollins and Dahlquist, 1981; Sherris and
Parkinson, 1981). Increased levels of methylation favor tumbling behavior and decreased
levels of methylation favor smooth swimming (Springer et al., 1979). Mutants deleted
for CheR cannot methylate the receptors and have a smooth bias, whereas CheB mutants
having over-methylated receptors constantly tumble (Springer and Koshland, 1977; Stock
et al, 1981; Yonekawa and Hayashi, 1986). Thus the relative rates of the methylation
and demethylation reactions determine the steady-state level of receptor modification,
which regulates the CheA kinase activity (Russell et al, 1989).
The methyltransferase CheR is a 33-kDa soluble monomeric protein with two
domains (Djordjevic and Stock, 1997). The N-terminal domain contains four a-helices
that possess a positively charged surface suitable for complementing the negatively
charged surface in the methylation helices of the chemoreceptors. The C-terminal
domain exhibits a unique a/p folding motif and is the actual binding site for the
chemoreceptors. CheR binds the C-terminal pentapeptide of the high-abundance
chemoreceptors to form a tight complex, and thereby catalyzes methylation of the
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receptors nearby. Each methylation site can be methylated independently (Kehry and
Dahlquist, 1982), allowing adaptation over a range of stimulus strengths.
The methylesterase CheB is a 35-kDa protein whose activity, like that of CheY, is
regulated by CheA-mediated phosphorylation (Hess et al., 1988b; Lupas and Stock,
1989). The N-terminal regulatory domain is homologous to the response regulator
superfamily and catalyzes phosphotransfer from phospho-CheA to its own aspartate
residues, Asp56 (Hess et al, 1988c; Lupas and Stock, 1989). The crystal structure
reveals this domain as a parallel five-stranded a/p topology similar to the structure of
other response regulators (Djordjevic et al, 1998). Genetic and structural studies suggest
that the aspartate kinase active site of CheB contains Glu58 in addition to the active
residues observed in CheY (Djordjevic et al, 1998; Stewart, 1993; Stock et al, 1993),
and the activation-induced conformational change in the CheB regulator domain is
similar to that observed for CheY (Bourret et al, 1990; Stewart, 1993). Phosphorylation
of CheB stimulates the methylesterase activity of the C-terminal catalytic domain (Lupas
and Stock, 1989). It is postulated that the unphosphorylated regulatory domain of CheB
inhibits the activity of the methylesterase by obstructing access to the active site and by
influencing the electrostatic potential of the active site region. Phosphorylation at Asp56
leads to propagation of conformational changes and disrupts the inter-domain interface as
well as the electrostatic potential (Djordjevic et al, 1998). Since demethylation of the
chemoreceptors causes a dramatic inhibition of CheA kinase activity, CheB
phosphorylation provides a negative feedback mechanism to maintain CheA activity at an
intermediate value.
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Coiled-coil interactions between MH1 and MH2 within the receptor dimer might be
the mechanism by which methylation controls the conformation of the chemoreceptors.
Reactions such as glutamyl modification, deamidation, methylation, and demethylation
may affect the net negative charge density at the coiled-coil interface (Stock and Lukat,
1991). For instance, the electrostatic repulsion between the glutamate side chains might
cause helices to rotate so as to maximize the distance between these charged groups;
methylation could lower the charge density, allowing the helices to rotate so that the
methylated faces are in closer approximation.
Recent studies demonstrated that an increased level of methylation decreases the
apparent attractant affinity of the receptor-kinase complex in the in vitro receptor-coupled
kinase assay (Bomhorst and Falke, 2000; Li and Weis, 2000). These observations help
explain the ability of the chemotaxis pathway to respond to a broad range of attractant
concentration in vivo. It suggests that cells adapt not only by methylation-dependent
modulation of the kinase activity but also by decreased ligand binding to the receptor
complex.
5. Clustering and Cooperativity of the Receptor-Kinase Complexes
Although flagella are inserted at random positions on the E. coli cell surface, the
chemoreceptors are predominately clustered at the cell poles as shown by
immunoelectron microscopy (Maddock and Shapiro, 1993). Receptor clustering appears
to be a common feature as it is seen in other microorganisms such as Caulobacter
cresentus and Rhodobacter sphaeroides (Alley et al., 1992; Flarrison et al., 1999).
Flowever, in E. coli, the two low-abundance chemoreceptors, Trg and Tap, cannot be
clustered unless they interact with the high-abundance chemoreceptor, Tar or Tsr
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(Lybarger and Maddock, 2000). Polar clustering is also observed with the cytoplasmic
signaling proteins CheA and CheW (Maddock and Shapiro, 1993). Their polar location
is dependent on the chemoreceptors and CheW, but not CheA (Skidmore et al., 2000).
Souijik and Berg (2000) also located the YFP-fused CheZ proteins at the cell poles,
interacting with the receptor-kinase ternary complexes. Polar location of CheZ is also
CheW-dependent but not CheA-dependent. Neither CheR nor CheB is necessary for the
aggregation of the receptor-CheW-CheA complex (Lybarger and Maddock, 1999).
The biological significance of receptor-kinase clustering is not yet clear.
Nevertheless, there is considerable evidence that this higher-order complex is essential
for chemotactic responses. First, such clustering is thought to be critical to methylation,
and therefore, the proper function of the low-abundance chemoreceptors which lack the
docking site for CheR and CheB (Wu et al.y 1996; Feng et al, 1997; Le Moual et al.,
1997; Li et al, 1997; Weerasuriya et al, 1998). It was postulated that CheR bound to
one dimer of Tar or Tsr can methylate other dimers in the cluster. Second, cooperative
interactions between the chemoreceptors in the cluster may be the mechanism for signal
transduction. A mathematical model based on signaling through the formation of
receptor clustering suggests that the dynamic range of sensitivity in sensing depends on
controlling the size of the receptor clusters, and signal transduction is regulated by the
extent of lateral clustering (Bray et al, 1998; Duke and Bray, 1999; Levit et al, 1998).
This hypothesis is supported by a study using synthetic multivalent ligands to show that
ligands with distinct valencies can differentially cluster the receptors and in turn
influence the chemotactic responses (Gestwicki et al, 2000). The observation that
dimers of Tar mutants with only one signaling domain are still functional (Gardina and
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Manson, 1996; Tatsuno et al., 1996) can also be explained in terms of signal transduction
through higher-ordered receptor oligomers, rather than independent dimers (Grebe and
Stock, 1998). Liu et al. (1997) propose that individual dimers are not the relevant
signaling unit, but rather, the combined effects of stimulus-induced changes in packing
interactions between the individual monomers in the receptor cluster may control the
kinase activity. In addition, other proposed functions of the higher-order complex that
remain to be tested include (i) increasing the ligand sensing efficiency of the receptor
population, and (ii) preventing cross talk with other localized pathways.
Although it is widely accepted that the higher-order receptor-kinase complexes play a
role in chemotactic signal transduction, the composition and stoichiometry of the
components in the complexes remain unknown. The paradigm for many years is that
each ternary complex is built from pairs of receptor, CheW, and CheA molecules
(Gegner and Dahlquist, 1991; Surette and Stock, 1996). Recent evidence, however,
indicates that the actual structure of the receptor complex is more elaborate. Liu et al.
(1997) have used a leucine zipper fused to the cytoplasmic domain of Tar to elucidate
that the higher-order complex structure consists of seven receptors, two or four CheW
molecules, and one CheA dimer. The recently solved crystal structure of the cytoplasmic
domain of Tsr reveals that the tails of three receptor dimers come together and form a
trimeric structure (Kim et al, 1999). Based on this finding Shimizu et al. (2000) predict
that these higher-order complexes form a two-dimensional hexagonal lattice, built from
trigonal units. Each unit is composed of three receptor dimers, three molecules of CheW,
and three monomers of CheA. Two units are joined by the CheA monomers at the
dimerization domains. This lattice model is more plausible because it provides
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combinations of any types of chemoreceptors in the complexes (Bren and Eisenbach,
2000). More experiments are required to reveal the complete mechanism and
stoichiometry of the higher-order complexes.
6. Motility and Flagellar Rotation
Bacteria such as E. coli and S. Typhimurium swim by rotating their flagella. The
flagellum is rotated at its base by the membrane-embedded motor, which is a small
circular wheel driven by transmembrane proton motive force (Larsen et al, 1974;
Manson et al, 1977). The rotation of the flagellar rotor is reversible. Counterclockwise
(CCW) rotation is associated with smooth swimming motility, where the flagellar
filaments coalesce into a bundle and propel the bacterium along a fairly straight line. By
contrast, clockwise (CW) rotation relates to tumbling motility, where the filaments fly
apart to jerk the bacterium about without any net velocity (Eisenbach, 1990). The signal
transduction network modulates the frequency of transition between these two states. In
a constant environment a cell typically moves in a random walk of runs of approximately
1 s punctuated by tumbles of 0.1 s (Berg and Brown, 1972). When a cell detects that it is
swimming toward increasing attractant or decreasing repellent concentrations, it tends to
tumble less frequently, thereby biasing its swimming in the preferred direction (Berg and
Brown, 1972). The flagellar motor has a predominant direction of rotation, which is
CCW, unless it receives a CW signal (Eisenbach and Matsumura, 1988; Parkinson,
1981). Therefore, the flagella of a gutted strain, which is deleted for the genes that
encode some of the chemoreceptors and all the cytoplasmic chemotaxis proteins, rotate
exclusively CCW (Parkinson and Houts, 1982).
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As mentioned above, phospho-CheY acts as a tumbling signal to alter swimming
behavior by binding to the FliM protein, which is a component of the switch apparatus
that controls the direction of the flagellar rotation (Barak and Eisenbach, 1996; Macnab,
1995). FliM is located in the C-ring, a labile structure that projects out from the flagellar
motor into the cytoplasm (Francis et al, 1994). It is estimated that the C-ring contains
about 40 copies of FliM (Hsu et al, 1996). The multiplicity of the FliM assembled in the
switch suggests that binding of phospho-CheY may be highly cooperative. FliM is a 37kDa monomer that binds phospho-CheY more tightly than unphosphorylated CheY
(Welch et al, 1994) (Welch et al, 1998). Deletion and mutational studies of FliM
suggest that the primary structure may contain at least four overlapping functional
regions and that the N-terminal region is essential for phospho-CheY binding (Toker et
al, 1996). The molecular mechanism of flagellar motor rotation is not fully understood.
For reviews of flagellar structure and function, see DeRosier, 1998; Eisenbach and
Caplan, 1998; Macnab, 1996; Stock and Surette, 1996.
C. Aerotaxis
1. Overview of Aerotaxis
Aerotaxis is the behavioral response of microorganisms to a gradient of oxygen by
moving toward and aggregating at their preferred concentrations of oxygen. Aerotaxis
was first reported by Engelmann, who observed that bacterial cells accumulated at the
edge of a cover glass or around trapped air bubbles, and near green plant cells that were
producing oxygen (Engelmann, 1881a,b). Aerotaxis is a universal property of motile
bacteria, but different species favor different concentrations of oxygen (Baracchini and
Sherris, 1959). When a bacterial culture is added to a capillary, obligate aerobes form a
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band adjacent to the air-liquid interface, microaerophiles congregate some distance from
the interface, and anaerobes move away to an anoxic region (Beijerinck, 1893). Bacchini
and Sherris (1959) have confirmed that aerobic and facultative anaerobic species have
positive aerotaxis, whereas anaerobes show negative aerotaxis. Bacteria seek an oxygen
concentration that is optimal for their metabolic lifestyle and oxygen may function as an
attractant or a repellent, depending on the bacterial species studied (Shioi et al., 1987;
Taylor, 1983a). For obligate anaerobes, low concentrations of oxygen are usually
bacteriocidal or bacteriostatic (Morris, 1975). High concentrations of oxygen are also
harmful to aerobic species. Aerotaxis provides bacteria a strategy for minimizing the
formation of toxic derivatives by avoiding high oxygen concentrations (Adler, 1966a).
Aerotaxis and chemotaxis to amino acids and sugars are functionally equivalent
(Adler, 1966a,b). In an isotropic medium, E. coli and S. Typhimurium cells consume
oxygen and carbon source, and thereby create gradients. Bacteria then migrate
preferentially toward a region with more concentrated oxygen or carbon source,
depending on which substance is depleted. In contrast to chemotaxis, however, the
mechanism of aerotaxis has not been fully elucidated. The capillary and air bubble
assays that employ spatial oxygen gradients cannot distinguish between a role of
respiration in forming a spatial gradient of oxygen and a requirement for the electron
transport system (ETS) in the signaling mechanism of aerotaxis. The investigation of the
molecular mechanism of aerotaxis commenced with the development of a temporal assay,
in which formation of a gradient is independent of respiration (Laszlo and Taylor, 1981).
In this assay, a drop of bacterial culture is placed in a gas flow microchamber on the stage
of a dark-field microscope. Under a constant oxygen flow, bacterial cells have a random37

walk motility. The bacteria rapidly become anaerobic and tumble briefly when the
chamber is ventilated with pure nitrogen. After the bacteria adapt to the anaerobic
conditions, they are exposed to a step increase of oxygen concentration that suppresses
the tumbling frequency briefly, followed by restoration of random walk. The quantitative
temporal assay has greatly facilitated the progress in aerotaxis studies.
2. Role of Electron Transport and Proton Motive Force in Aerotaxis
Early studies have shown that the tactic responses to oxygen, light, and the
alternative electron acceptors, such as nitrate and fumarate, involve electron transportmediated perturbations of the proton motive force (Taylor et al, 1979). Using the
temporal aerotaxis assay, Laszlo and Taylor confirmed that the aerotaxis mechanism was
dependent on the functional ETS. The oxygen concentration eliciting a half-maximal
aerotactic response {K0.5) in E. coli and S. Typhimurium was approximately 0.4 pM,
similar to the Km of oxygen uptake by cytochrome o (Laszlo et al, 1984a; Laszlo and
Taylor, 1981). Shioi and Taylor (1984) have proposed that aerotaxis involves sensing of
proton motive force since a decrease in (Laszlo et al, 1984a; Shioi and Taylor, 1984)
proton motive force results in increased tumbling frequency, and an increase in proton
motive force results in a smooth swimming response. Aerotaxis is absent in an E. coli
strain lacking the terminal oxidases, cytochrome o and cytochrome d, but present in
isogenic strains that have one of them, suggesting that either of the two terminal oxidases
can mediate aerotaxis (Shioi et al, 1988). However, neither of them is the transducer for
aerotaxis. Changes in electron transport or proton motive force also mediate aerotaxis in
other bacterial species and H. salinarium (an archaeon) (Armitage et al, 1985; Bibikov
and Skulachev, 1989; Laszlo et al, 1984b; Zhulin et al, 1996).
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The relationship between the oxygen concentrations and the proton motive force in
bacteria was determined in Azospirillum brasilense, a nitrogen-fixing, plant-associated
bacterium that forms a sharply defined band in a spatial gradient of oxygen (Zhulin et al.,
1996). A. brasilense cells accumulate at the oxygen concentration that supports the
maximum proton motive force in the cells. As a result of aerotaxis, cells swimming away
from the aerotactic band are repelled by higher or lower concentrations of oxygen and
return to the band. The measured proton motive force is lower at oxygen concentrations
that are higher or lower than the preferred concentration. Positive aerotaxis coincides
with an increase in the proton motive force and negative aerotaxis coincides with a
decrease in the proton motive force. Sensing changes in proton motive force enables
bacteria to find optimal conditions for energy generation.
In addition, E. coli and A. brasilense also form sharply focused bands at specific.
artificially created redox potentials (Bespalov et al., 1996; Grishanin et al., 1991). This
behavior was termed redox taxis. Redox compounds such as substituted quinones divert
electrons from the ETS by interacting with dehydrogenases or terminal oxidases and
thereby alter electron transport and the proton motive force. Aerobically grown E. coli
cells are repelled by oxidized quinones, whereas in anaerobic conditions, oxidized
quinones are attractants by permitting limited electron transport and transiently increasing
the proton motive force. By contrast, reductants cause a brief positive response by
enhancing electron transport between dehydrogenases and terminal oxidases in aerobic
conditions, but no response under anaerobic conditions. The overall strength of the
behavioral response is correlated with the reduction potential of the chemoeffectors.
Similar to aerotaxis, the negative redox tactic response coincides with a decrease in
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proton motive force and the positive response associates with an increase in proton
motive force in both aerobic and anaerobic cells. Based on these results, a sensor was
proposed to detect the changes in the redox states or proton motive force and generate
signals to modulate the CheA kinase activity.
Other bacterial behaviors that involve sensing of proton motive force include energy
taxis to metabolized carbon sources, phototaxis, and magnetotaxis (for reviews, see
Armitage and Schmitt, 1997; Taylor, 1983b; Taylor et al, 1999; Taylor and Zhulin,
1998).
3. Convergence of Aerotaxis and Chemotaxis Signaling Pathways
Aerotaxis remains in E. coli strains lacking the four known MCPs, Tsr, Tar, Trg, and
Tap (Niwano and Taylor, 1982), suggesting that may use a distinct sensor(s). By
restoring individual chemotaxis components to a gutted strain that lacks all chemotaxis
genes, Rowsell, et al. (1995) found that the cheA, cheW, and cheYgenes are necessary for
aerotaxis. This raised the hypothesis that both the methylation-independent aerotaxis
(Niwano and Taylor, 1982) and the methylation-dependent chemotaxis signal
transduction pathways converge at the chemotaxis proteins, CheA, CheW, and CheY,
that couple the receptors to the flagellar motors. As a result, the putative aerotaxis
receptor must possess the conserved signaling domain for transmitting signals to the
CheA histidine kinase through interaction with CheW and CheA.
4. The Aerotaxis Transducer Aer
a. Identification of Aer and Tsr as Aerotaxis Transducers
The aerotaxis transducer Aer (aerotaxis and energy taxis receptor) was identified
based on the hypothesis that the putative aerotaxis receptor would possess the highly
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conserved signaling domain for interaction with the CheW and CheA complex. Using
the HCD sequence of Tsr as a query, both the Taylor and Parkinson laboratories
discovered the aer gene in the E. coli genome database independently (Bibikov et al.
1997; Rebbapragada et al, 1997). As expected, Aer contains a carboxyl domain that is
homologous to those of the chemoreceptors (Fig. 1.4). The aer knock-out strain has an
impaired function in aerotaxis, redox taxis, and energy taxis to carbon sources, but can be
complemented by a plasmid-encoded aer gene in a dose-dependent manner (Bibikov et
al, 1997; Rebbapragada et al, 1997). This indicates that the strength of the aerotactic
response is directly dictated by the concentration of Aer in the cell.
The aerotaxis temporal assay reveals that the aer mutant retains an aerotactic response
that is approximately half that of the parental strain, implicating the existence of a second
aerotaxis transducer (Rebbapragada et al, 1997). It was previously found that aerotactic
responses are inverted in the cheB mutant, in which addition of oxygen causes a repellent
response, but removal of oxygen generates an attractant response (Dang et al, 1986).
However, aerotaxis returns to normal if the tsr gene is also deleted in the cheB strain
(Dang et al, 1986), suggesting a possible role of Tsr, the serine chemoreceptor, in
aerotaxis. This hypothesis was confirmed by the evidence that the aer tsr double mutant
completely abolished aerotaxis, redox taxis, and other energy taxis, but aerotaxis could be
restored by introducing a plasmid expressing Aer or Tsr (Rebbapragada et al, 1997).
The two aerotaxis transducers, Aer and Tsr, function independently because Tsr is not
essential for Aer-mediated aerotaxis responses, and vice versa.
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Fig. 1.4. Comparison of the domain structures of Aer and Tsr. The sensory domain of Tsr is located in the
periplasm, flanked by two transmembrane (TM) regions. Aer contains a PAS sensory domain in the cytoplasm
4-^
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that binds an FAD cofactor. The TM region of Aer presumably forms a hairpin, joined to the PAS domain by an
FI helix. The cytoplasmic signaling domain of both receptors is composed of two methylation helices (MH1 and
MH2) and a highly conserved domain (HCD) that are homologous in all chemoreceptors. The linker region (or
HAMP domain) that joins MH1 to the TM region is predicted to be two helices separated by an undetermined
structure (Butler and Falke, 1998).
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b. Sequence and Structural Properties of Aer
The aerotaxis transducer Aer is 506 residues in length, with an apparent size of 55
kDa in SDS-PAGE. The C-terminal segment of Aer, which contains the highly
conserved signaling domain (residues 348 to 412) as well as the MH1 and MH2 helices
(residues 284 to 309 and 472 to 497), shares significant homology with the cytoplasmic
domains of all the MCPs (Rebbapragada et al, 1997; Bibikov et al., 1997).
Consequently, the cytoplasmic domain of Aer is predicted to have an extended coiledcoil helical structure resembling that of Tsr (Fig. 1.2).
Aer has several distinct features in its primary sequence and structure. First, unlike
the typical chemoreceptors that possess two hydrophobic transmembrane segments
flanking the periplasmic ligand-binding domain, only one hydrophobic sequence
(residues 167 to 204) was found in Aer (Bibikov et al, 1997; Rebbapragada et al., 1997).
There are three positively charged residues adjacent to the amino-terminus and a 15residue amphipathic sequence at the carboxyl end of the hydrophobic segment. It is
established that the successive positively-charged residues and the amphipathic sequence
near the boundaries of a transmembrane segments are important topogenic determinants
for the intracellular location of their adjacent sequences (Dalbey, 1990; Ehrmann et al,
1990; Kimbrough and Manoil, 1994; Seligman et al, 1995). Therefore, both the N- and
C-terminal regions of Aer are proposed to be located in the cytoplasm, separated by the
central hydrophobic sequence that is just long enough to span the membrane twice as a
hairpin, constituting an intracellular sensor (Fig. 1.4).
Second, the N terminus of Aer contains a PAS domain sequence (residues 20 to 121)
that is similar to the oxygen sensing domains in FixL of Bradyrhizobium japonium, NifL
44

of Azotobacter vinelandii, and Bat of H. salinarium (Bibikov et al., 1997; Rebbapragada
et al, 1997; Zhulin et al, 1997), and an FI region (residues 122 to 166) (Bibikov et al.
2000). PAS domain-containing proteins belong to a superfamily of sensory proteins that
respond to oxygen, redox potential, light, or ion flow, and are found in all three domains
of life (Ponting and Aravind, 1997; Zhulin et al, 1997). The Aer PAS domain is
believed to be the input domain for aerotaxis and redox taxis (see below).
Finally, Aer lacks the C-terminal CheR-binding site found in the high-abundance
chemoreceptors and the sequence in the methylation regions is not highly similar to those
of the other chemoreceptors. These observations suggest that Aer may use a methylationindependent mechanism for adaptation.
Based on these findings, the mechanism of Aer-mediated aerotaxis signal
transduction is postulated to be different from that of other chemoreceptors. Extensive
studies have been carried out by the Taylor group at Loma Linda University and the
Parkinson group at the University of Utah in investigating the signaling mechanism by
the Aer receptor.
c. Involvement of the PAS Domain in Aerotaxis Signal Transduction.
The superfamily of PAS domains include chemoreceptors and photoreceptors,
histidine and serine/threonine kinases, circadian clock proteins, voltage-activated ion
channels, cyclic nucleotide phosphodiesterases, and regulators of responses to hypoxia
and many other proteins from bacteria to humans (Ponting and Aravind, 1997; Taylor and
Zhulin, 1999; Zhulin et al, 1997). Recently, M. Brandon and I. Zhulin retrieved more
than 450 PAS domain-containing proteins by basic BLAST searches (M. Brandon and I.
Zhulin, personal communication). PAS is an acronym named after three proteins. Per,
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Amt and Sim, in which PAS domain was first identified. Unlike most other sensor
modules, the PAS domain is located in the cytoplasm and senses the internal environment
of a cell rather than the external milieu (Taylor and Zhulin, 1999). Some PAS domains
contain ligand and/or cofactor-binding sites and may use the bound prosthetic groups to
sense specific signals. For instance, FixL has a noncovalently bound heme moiety for
direct detection of oxygen (Gilles-Gonzalez et al., 1994); NifL binds flavin adenine
dinucleotide (FAD) to sense the redox potential (Flill et al, 1996; Soderback et al.
1998); the bacterial photoactive yellow protein (PYP) uses p-hydroxycinnamic acid to
detect light (Borgstahl et al, 1995); and phototropin (NPH1), a plant photoreceptor,
senses redox potential through a flavin mononucleotide (FMN) cofactor (Christie et al.
1999). Overproduction of Aer increases the amount of FAD in the cell membrane,
suggesting that Aer may use FAD as a cofactor to monitor the oxidative and reductive
states of the ETS for signaling (Bibikov et al, 1997; Repik et al, 2000).
Protein sequence analyses (Taylor and Zhulin, 1999) and molecular modeling
(Pellequer et al, 1998) suggest a common fold for the PAS domains from a variety of
sensory proteins. Recent crystallographic studies revealed a striking similarity in the
three-dimensional (3D) structure of the PAS domains in proteins that are functionally and
taxonomically distant (Pellequer et al, 1999). PAS domains from PYP (Borgstahl et al.
1995), FixL (Gong et al, 1998), the human HERG potassium channel (Morais Cabral
J.H. et al, 1998), and NPH1 (Crosson and Moffat, 2001) have a distinctive a/p fold with
a five-stranded antiparallel p-barrel core (Fig. 1.5). Ap, Bp, Ca, Da, and Ea constitute a
PAS core that may contain a site for protein-protein interactions and signaling; Gp, Hp,
and Ip constitute the p-scaffold that maintain the structural integrity of the PAS domain;
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Fig. 1.5. The simulated three-dimensional structure of the Aer PAS domain and location of the critical
residues for signal transduction. Color scheme of the cysteine substituted mutations: green - mutations
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abolish FAD binding and signaling; red - mutations knock out signaling but retained FAD binding; yellow mutation causes inverted responses; purple - mutations alter the swimming bias (Repik et al., 2000).
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and the Fa helical connector forms a link between the PAS core and the p-scaffold
(Pellequer et al., 1999). All the PAS domains may have a similar three-dimensional
structure and may change their conformations in a similar manner upon signaling. The
greatest variability with the PAS domains is in the EF and FG loop, to which the known
cofactors are attached (Gong et al, 1998; Morals Cabral J.H. et al, 1998; Pellequer et al.
1998). Different cofactors can specify different input signals and cause variation in the
signaling pathways. The conserved residues are postulated to contribute to the PAS fold
and the variable residues are responsible for the functional specificity of different
proteins.
The Aer PAS domain has been demonstrated to be the sensory input domain for
aerotaxis (Bibikov et al, 2000; Repik et al, 2000). Two chimeric constructs fused with
the N-terminus of Aer (residues 2 to 260 or 1 to 290) and the C-terminus of Tsr (residues
271 to 551 or 301 to 551) retain normal aerotactic responses but are insensitive to serine.
This suggests that the specificity for oxygen/redox sensing in Aer may be determined by
the first 260 residues of Aer, which include the PAS domain, whereas the C-terminal
portion of Aer (residues 261 to 506) is functionally homologous to the signaling domains
in all MCPs.
The role of the Aer PAS domain in aerotaxis signal transduction has been extensively
studied using cysteine replacement mutagenesis (Repik et al, 2000). Serial substitution
of 42 residues in the PAS domain with cysteine produced 12 mutants with various
defective phenotypes (Fig. 1.5). Four mutations (R57C, H58C, D60C, and D68C) that
are located in or near the EF loop abolish FAD binding and aerotactic responses,
suggesting these residues are critical sites for interaction with the FAD moiety. Further
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mutagenesis studies showed that charges are important at residues Arg57 and Asp60.
The G42C, W79C and G90C mutations completely eliminate the aerotactic responses but
retain the ability to bind FAD with varying affinities. The E47C mutation eliminates
over 90% of the response to an oxygen increase. Three mutations (N34C, F66C, and
N85C) locked in the signal-on (CCW) conformation, even in the absence of a stimulus.
Mutated residues in Aer that are highly conserved within the PAS superfamily, such as
Asn34, Gly42, and Fly90, appear to be critical in forming the PAS fold. Interestingly, the
Y111C mutant has inverted responses to oxygen and redox stimuli so that the positive
stimuli produce negative signals (tumbling), and vice versa. Residue Tyrl 11 is centered
in the Ip strand of the (3-scaffold. It is therefore postulated that the cofactor binding and
the active site for signaling are located around the EF loop and the PAS core region
(Repik et al., 2000). Residues in contact with the isoalloxazine ring of FAD convert
redox changes into conformational changes in the PAS domain and transduce signals to
the C-terminal signaling domain. The interaction of Try 111 with FAD may modulate the
mid-point potential of FAD as this could provide an explanation for the inverse aerotactic
responses observed with the Y111C mutant (Repik et al, 2000). Bibikov et al. (2000)
also reported that the S22F, S22P, R57H, P62T, M69V, Y93H, R104C, and GUOS
mutations in the Aer PAS domain abolished FAD-binding and aerotaxis. These results
clearly demonstrate the importance of the Aer PAS domain in signal transduction.
d. Adaptation in Aerotaxis
The mechanism of adaptation in aerotaxis is not yet clear. An intriguing discovery is
that aerotaxis in E. coli and S. Typhimurium is independent of methylation (Niwano and
Taylor, 1982). Although Aer has three putative methylation sites, they exhibit significant
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deviations from the consensus methylation sequence (Glu-Glu-X-X-Ala-Ser/Thr)
observed in the MCPs (Rebbapragada et al., 1997). Aer contains several glutamines in
place of alternate glutamine-glutamate pairs present in the MCPs that are normally used
by the methylesterase CheB as the recognition sites. As a result, the glutamines never
become deamidated and cannot be methylated by CheR (Grishanin and Bibikov, 1997).
Aer also lacks the conserved C-terminal CheR-binding site found in the high-abundance
MCPs. Once being overexpressed in E. coli cells, Aer induced constant smooth
swimming without restoring random motility in response to increased oxygen
concentration (M. Johnson, personal communication). These data suggest that Aer may
not be methylated by the CheR methyltransferase. Aer might adapt to negative stimuli
using the negative feedback loop in which the phosphatase CheZ dephosphorylates
phospho-CheY and terminates the tumbling signal. On the other hand, adaptation of the
Tsr-mediated aerotactic responses seems to be methylation-dependent. This explains the
unusual finding that the cheB mutant strain exhibits an inverted aerotactic response (Dang
et al, 1986).
e. The Current Working Model for Aer
Oxygen stimulates electron flow through the electron transport chain and the
aerotaxis transducers, Aer and Tsr, respond to the changes in the electron transport
system. To date, the molecular mechanism of signal transduction by the Aer protein
remains elusive. Some evidence has shown that Aer does not sense oxygen per se, but is
more likely to use the bound FAD cofactor to detect the changes in the redox potential of
the electron transport system or the proton motive force that result from changes in
oxygen concentration ( Rebbapragada et al, 1997; Taylor and Zhulin, 1998). The redox
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potential of Aer-bound FAD is likely to be in the range that permits interaction with
dehydrogenases and/or with ubiquinone and menaquinone. As a result, Aer may sense
changes in the electron transport between dehydrogenases and quinones. Aer may also
indirectly sense changes in the proton motive force because a proton motive forcedependent reversal of electron transport could reduce FAD (Rebbapragada et al., 1997).
In the current model, Aer is bound via the PAS domain to a component of the ETS and
the redox status of its FAD cofactor reflects the oxidation and reduction of the ETS.
Oxidation and reduction of FAD might trigger a conformational change that alters the
activity of the C-terminal signaling domain to control the CheA kinase activity (Bibikov
et al, 1997, 2000; Rebbapragada et al., 1997; Repik et al, 2000; Taylor et al, 1999).
Owing to the intracellular location of both the N- and C-terminal domains of Aer, it was
postulated that there is a direct interaction between the PAS sensory domain and the Cterminus to transmit signals upon sensing. Unlike the TM regions of the MCPs, the
putative TM region of Aer may play a role merely in anchoring the protein to the
cytoplasmic membrane rather than mediating signal transduction across the membrane.
Investigation of the interaction between the PAS domain and the C terminus led us to
identify the conserved linker region/HAMP domain and to evaluate the importance of this
domain in aerotaxis signal transduction as described in this dissertation.
5. Biological Significance of Oxygen (Energy) Sensing
Aer senses changes in proton motive force, electron transport or redox potential. It
effectively monitors the intracellular energy level. Having both energy taxis and
chemotaxis is advantageous for bacteria (Taylor and Zhulin, 1998). In a natural
environment such as a freshwater pond, the degradation of matter releases amino acids
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that are strong chemoattractants for bacteria. Guided by chemotaxis, bacterial cells will
swim up the gradient and accumulate around the nutrients, where they may grow to 109
cells/ml (Taylor, 1983a). At this high density, bacteria will quickly deplete oxygen
unless they are within 1 mm of the surface. Aerotaxis simulates the cells to swim away
from the hypoxic environment, even though they are moving away from the
chemoattractants. Without aerotaxis, they would become trapped in an anaerobic,
growth-limiting environment. On the other hand, if the bacteria solely depended on
energy taxis, they would have been attracted preferentially to sugars and organic acids
and become deprived of a nitrogen source (Taylor and Zhulin, 1998).
Oxygen sensing is critical for the metabolism, growth, homeostasis, and survival of a
variety of organisms, ranging from bacteria to humans, to avoid hypoxia and hyperoxia
that may cause cell damage (Acker, 1994). Nevertheless, the molecular mechanism of
how cells detect and respond to changes in the environmental parameters is not clear.
PAS domains are present in various proteins that sense hypoxia in higher organisms,
including humans (Taylor and Zhulin, 1999). Clarifying the mechanism of signal
transduction by Aer may provide insight into the mechanisms used by other PASdomain-containing sensors, such as the human cardiac potassium channel (HERG) that
maintains a normal cardiac rhythm, and the human hypoxia-inducible factor-1 (HIF-1)
that regulates gene expression in response to hypoxia.
Among all the identified oxygen sensors, Aer has the most advantages as an
experimental model for oxygen sensing. First, Aer utilizes the chemotaxis signal
transduction pathway that is mostly established at the molecular level. Second, direct
observation of the aerotactic response permits rapid analysis of various perturbations of
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the signaling system. Furthermore, the E. coli system permits simple molecular genetic
manipulation. As a result, elucidation of the mechanism in signal transduction by Aer is
expected to provide a better understanding of oxygen sensing in more complex organisms
and to contribute to the development of strategies to investigate signaling in a variety of
human oxygen and redox sensors.
D. Purpose and Approaches of This Dissertation
The molecular mechanism of how the PAS domain senses the intracellular energy
level has been extensively, though not thoroughly, studied (Bibikov et al., 2000; Repik et
al., 2000). However, the pathway by which the signal generated from FAD is transmitted
to the C-terminal signaling domain still remains to be determined. Evidence that Aer
contains a central hydrophobic sequence flanked by several successive positively-charged
residues (Rebbapragada et al.y 1997), and that all the identified PAS domains are located
in the cytoplasm (Taylor and Zhulin, 1999) suggests that Aer is a membrane-bound
protein with both the N and C termini located in the cytoplasm. This raises the
possibility that there is direct interaction between the N- and C-terminal domains for
signal transduction. Alternatively, signals from the PAS domain can be transmitted to the
C terminus via the conformational change of the putative TM region. However, this is
less likely because it requires high free energy for the conformational change to travel
through the lipid bilayer. This dissertation sought to investigate the interaction between
the N- and C-terminal domains of Aer and to identify amino acid residues involved in
such interactions. The function of the hydrophobic segment was also evaluated.
Aer differs from the other chemoreceptors not only in the N-terminal sequence and
the transmembrane topology, but also in the sequence of the C-terminal linker region,
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which connects the TM region to MH1. The linker regions in the four well-characterized
chemoreceptors of is. coli, Tsr, Tar, Trg, and Tap, share many identical amino acid
residues (Le Moual and Koshland, 1996). However, most of these residues are not seen
in the Aer linker region. This implies that the linker region of Aer has a function
different from the linker region of Tsr or Tar that is proposed to propagate
transmembrane signals. The Aer linker region is most likely the segment interacting with
the N terminus to receive information from the FAD-containing PAS domain and
transduce signals to the signaling domain to control the CheA kinase activity.
In this dissertation, a combination of genetic, biochemical, and bioinformatic
approaches was used to investigate the role of the Aer linker region in the signaling
mechanism. In silico studies suggested that the Aer linker region belonged to a
conserved domain in a family of sensory proteins. This signaling domain was lately re
designated as a “HAMP” domain by Aravind and Ponting (1999). A variety of truncated
aer constructs revealed the minimal requirement of the protein to function properly. Sitespecific cysteine substitution and PCR random mutagenesis were utilized to identify
amino acid residues critical for FAD binding, protein folding, and propagation of signals
to the conserved signaling domain. A working model of signal transduction mediated by
the HAMP domain was proposed. Finally, bioinformatic studies identified other
members of the PAS domain-containing chemoreceptors, some of which were predicted
oxygen and redox sensors.
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CHAPTER TWO
MATERIALS AND METHODS
A. Reagents and Enzymes
1. Reagents
Bacto Tryptone-Peptone, Bacto Yeast Extract, and Bacto Agar were purchased from
Difco Laboratories (Detroit, Mich.). Isopropyl (TD-thiogalacto-pyranoside (IPTG),
sodium dodecyl sulfate (SDS), acrylamide, N, N’ bis-acrylamide, Tris base (ultra pure).
and kanamycin were purchased from ICN Biochemicals, Inc. (Aurora, Ohio).
Ammonium persulfate (electrophoresis purity-grade), Prestained SDS-PAGE Standards
(low range), and Goat Anti-Rabbit IgG (H+L)-HRP-Conjugated were purchased from
BioRad Laboratories (Hercules, Calif). Sucrose and 2-mercaptoethanol were purchased
from J. T. Baker Chemical Co. (Phillipsburg, N.J.). Agarose was purchased from HGT
SeaKem, EMC Corp. (Rockland, Maine). Ethanol (96%) was purchased from AAPER
Alcohol and Chemical, Co. (Shelbyville, Ky.). SuperSignal® West Pico
TM
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Chemiluminescent Substrate and INDIA HisProbe-HRP were purchased from Pierce
Chemical Company (Rockford, Ill.). Deoxynucleoside triphosphate (dNTP) set (sodium
salt solution, PCR grade), and Complete™ Mini Protease Inhibitor Cocktail Tablets were
purchased from Boehringer Mannheim Biochemicals/Roche Molecular Biochemicals
(Indianapolis, Ind.). The 1 kb and 100 bp DNA ladder were purchased from New
England Biolabs, Inc. (Beverly, Mass.) or GIBCO BRL®, Life Technologies
(Gaithersburg, Md.). Other chemicals and reagents were purchased from Sigma
Chemical Co. (St. Louis, Mo.) or Fisher Scientific Co. (Pittsburgh, Pa.).
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2. Enzymes and Kits
The restriction endonuclease Ehel was purchased from MBI (Amherst, N.Y.). Other
restriction endonucleases, T4 DNA ligase, Calf Intestinal Alkaline Phosphatase (CIP),
and T4 Polynucleotide Kinase were purchased from New England Biolabs, Inc. (Beverly,
Mass.). The Expand™ High Fidelity PCR System and Taq DNA polymerase were
purchased from Boehringer Mannheim Biochemicals / Roche Molecular Biochemicals
(Indianapolis, Ind.). The QuikChange™ Site-directed Mutagenesis Kit was purchased
from Stratagene Cloning Systems (La Jolla, Calif.). The QIAprep® Spin Miniprep Kit,
QIAfilter™ Plasmid Maxi Kit, RNeasy® Midi Kit, RNase-Free DNase Set, and QIAEX
II Gel Extraction Kit were purchased from Qiagen Inc. (Valencia, Calif). The DNATM

#

free DNase Treatment and Removal Reagents were purchased from Ambion, Inc.
(Austin, Tex.). The GeneAmp® gold RNA PCR Reagent kit was purchased from PE
Biosystems (Foster City, Calif).
B. Bacterial Strains, Plasmids, and Growth Conditions
E. coli strains and plasmids used in this study are described in Table 2.1. RP437 is an
E. coli K-12 derivative and is wild type for chemotaxis and aerotaxis (Parkinson, 1978
and Houts, 1982). pAVR2 and pGHl are two plasmids carrying the wild type aer gene,
which is 1521 bp in length (Rebbapragada et al., 1997; Repik et al., 2000). The aer gene
in pAVR2 lacks the native ATG start codon and its 5' end is fused in-frame with a sixhistidine (His6x) tag and a tobacco etch virus (TEV) protease cleavage site for protein
purification.
All strains were grown in Luria-Bertani (LB) medium (1.0% tryptone, 0.5% yeast
extract, and 0.5% sodium chloride, Davis et al, 1980), supplemented with
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Table 2.1. Escherichia coli strains and the acquired plasmids in this study
Genotype

Source or Reference

Strains:
RP437

Y'thi-1 thrl(Am) leuB6 hisG4
metF159(Am) Eda rpsL 136 ara-14
Parkinson and Houts, 1982

lacYImtl-1 tonASl tsx-78xyl-5
RP5882

RP437 Atsr-7021

Callahan et al., 1987

UU1117

RP437 Aaer-1

Bibikov et al, 1997

BT3312

RP437 Aaer-1 Atsr-7021

Repik et al., 2000

HCB339

Atsr-7021 A(tar-tap)5201 trg:\TnlO

Wolfe et al, 1987

BT3339

HCB339 aer::2-Kan

This study

BT3340

HCB?>2>9 aer::2-Kan recAv.cat

This study

BW10724 'LrecA+/Dlac-169 recAv.cat-aadA robAl
Metcalf and Wanner, 1993a,b

creCSIO thi
XLlBlue

recAl lac endAl gyrA96 thi hsdR17
relAl {EproAB laclq lacZ AMI5 TnlO)

Strategen, La Jolla, CA

Acquired plasmids:
pProEX HTa

ColEl lacf p^ His6x

Gibco BRL, Life Technologies,
Gaithersburg, MD

pTrc99A

ColEl lacE PtrC

Pharmacia

pACYC184

pi5A camr tef

New England Biolabs, Inc.,
Beverly, MA

pAVR2

pProEX:aer+

Repik et al., 2000

pGHl

pTrc99A aer

Rebbapragada et al., 1997

pSB20

Ptac aer

Bibikov et al, 1997

pSB20-C193S

pSB20 aerC193S

Bibikov et al, 2000

pSB20-C203A

pSB20 aerC203A

Bibikov et al, 2000

pK03<2er:\2-Kan

pSC 101 sacB aer::2-Kan

Rebbapragada et al, 1997
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0.5 p.g/ml of thiamine and the appropriate antibiotic unless specified otherwise. Bacterial
cells were grown at 30°C for behavioral studies and protein expression, or at 37°C for
plasmid amplification and preparation of competent cells. A 2-liter flask containing 500
ml of bacterial culture or a culture tube containing up to 5 ml of culture was incubated
with vigorous shaking at 250 rpm. Optical density at 600 nm (OD6oo) was measured with
a HITACHI Model 100-20 spectrophotometer (Hitachi Ltd., Tokyo, Japan). Plasmidtransformed cells and the restreaked colonies were plated on LB Thia plates (LB medium
with 1.5% agar and 0.5 pg/ml thiamine) supplemented with the appropriate antibiotic,
and were incubated at 37°C for 12 to 16 h unless otherwise specified.
C. Molecular Genetic Techniques
1. Isolation of DNA from E. coli
a. Isolation of Plasmid DNA
Plasmid DNA was isolated from E. coli cells using an alkaline lysis method
(Sambrook et al., 1989) with minor modifications. All buffers were obtained from the
QIAprep® Spin Miniprep Kit or QIAfilter™ Plasmid Maxi Kit unless otherwise specified.
For small-scale preparations of plasmid DNA, a fresh single colony was inoculated
into 2 to 5 ml of LB medium containing the appropriate antibiotic in a loosely capped
culture tube and was incubated overnight at 37°C with vigorous shaking. The low-copy
number plasmids (4 to 10 copies per cell) were amplified by addition of 170 pg/ml
chloramphenicol (or 50 pg/ml spectinomycin for plasmids with chloramphenicol
resistance, such as pACYC184 and pK03aer::2-Kan) at OD6oo~ 0.60. Following
incubation for an additional 8 h, the cells were harvested by centrifugation at 20,000 x g
for 1 min at 4°C in an Eppendorf microcentrifuge (Model 5417R, Brinkman Instruments,
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Inc., Westbury, N.Y.). The cell pellet was resuspended in 100 pi of ice-cold Buffer PI
(50 mM Tris-HCl, pH 8.0, 10 mM EDTA-disodium salt, and 100 pg/ml RNaseA) by
vigorous vortexing. Cells in the suspension were lysed with 200 pi of Buffer P2 (200
mM NaOH and 1% SDS) by gently inverting the tube and incubation on ice for 5 min.
The cell lysate was then mixed gently with 150 pi of ice-cold Buffer N3 that contained
3.0 M potassium acetate (pH 5.5), and was placed on ice for 10 min to precipitate
genomic DNA, proteins, cell debris, and SDS. The sample was centrifuged at 20,000 x g
for 10 min and the supernatant containing the plasmid DNA was transferred to a fresh
microcentrifuge tube. If necessary, protein contaminants in the supernatant were
extracted with an equal volume of Tris-saturated phenol/chloroform/isoamyl alcohol
(25:24:1, vol/vol/vol, pH 6.7 ± 0.2, Fisher Scientific, Fair Lawn, NJ.) as described by
Sambrook et al. (1989). Plasmid DNA was precipitated with two volumes of prechilled
96% ethanol at 4°C for 10 min and centrifuged at 20,000 x g for 10 min. The pellet was
washed twice with 1 ml of prechilled 70% ethanol and dried in a SpeedVac concentrator
(Savant Instruments, Inc., Farmingdale, N.Y.). Finally, plasmid DNA was resuspended
in 50 pi Buffer EB (10 mM Tris-HCl, pH 8.5) or double distilled water (dd^O) and
stored at -20°C. When high purity is required, plasmid DNA was isolated and purified
with the QIAprep Spin Miniprep Kit following the manufacturer’s protocol.
Large-scale preparation of plasmid was performed with the QIAfilter™ Plasmid Maxi
Kit. The plasmid was resuspended twice in 200 pi Buffer EB or ddH20.
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Absorbance at 260 nm of plasmid DNA was measured with a Beckman DU® 650
spectrophotometer (Beckman Instruments Inc., Fullerton, Calif.). DNA concentration
was calculated according to Sambrook et al. (1989).
b. Isolation of E. coli Genomic DNA
E. coli genomic DNA was isolated from a single colonies by boiling. A fresh single
colony was resuspended in 100 pi ddlUO and lysed by incubating the tube in a boiling
water bath for 10 min. Genomic DNA was separated from cell debris and denatured
proteins by centrifugation at 20,000 x g at 4°C for 10 min. The supernatant was
transferred to a fresh microcentrifuge tube and stored at -20°C.
2. Isolation, Purification and Electrophoresis of the Total RNA of E. coli
a. Isolation of Total RNA Using the RNeasy® Midi Kit
Total RNA from E. coli cells was isolated by using the RNeasy® Midi Kit. This kit
employs a silica-gel-based membrane that selectively binds up to one pg of RNA that is
longer than 200 bases. Biological sample is first lysed in a buffer containing highly
denaturing guanidine isothiocyanate (GITC), which immediately inactivates RNases.
Ethanol is added to provide appropriate binding conditions, and the sample is then
applied to a RNeasy column where the total RNA binds and contaminants are efficiently
washed away. High-quality RNA is subsequently eluted with RNase-ffee water. This
procedure provides an enrichment for mRNA since most RNAs <200 nucleotides (such
as 5.8S rRNA, 5S rRNA, and tRNA, which together comprise 15 to 20% of total RNA)
are selectively excluded (RNeasy® Midi/Maxi Handbook).
In this study, a single colony of the BT3312 strain transformed with the pGHl,
pTrc::tferL241P, pTrc::aerL249P, or pTrc99A plasmid (see Section F.3 in Chapter 3)
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were inoculated in 5 ml of LB Thia medium supplemented with 100 pg/ml ampicillin and
grown overnight at 30°C with vigorous shaking. The culture was diluted 25 fold with LB
Thia medium and grown at 30°C to OD600 ~ 0.8. One milliliter of culture (4 to 8 x 10 8
cells) was transferred to a sterile 15-ml Falcon centrifuge tube (Fisher Scientific Co.,
Pittsburgh, Pa.) and centrifuged at 5,000 rpm for 5 min at 4°C (Beckman Benchtop Accu
Spin FR™ 673 centrifuge). The cells were lysed with a solution containing 1 ml TE
buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA) and 1 ml 5 mg/ml lysozyme at room
temperature for 5 min. The cell lysate was then mixed with 5 ml of Buffer RTL and 10
pi of p-mercaptoethanol (14.3 M) and centrifuged at 5,000 x g for 5 min at 20°C. The
supernatant was carefully transferred to a fresh 15-ml centrifuge tube, mixed with 2.8 ml
of 96% ethanol, and loaded onto a RNeasy midi spin column, followed by centrifugation
at 5,000 x g for 5 min at 20°C.
An on-column treatment with the Qiagen RNase-Free DNase set was carried out to
remove DNA contaminants. The column was washed with 2 ml of Buffer RW1 by
centrifugation at 5,000 rpm for 5 min. DNase I incubation mix containing 20 pi DNase I
stock solution and 140 pi Buffer RDD was added directly onto the silica-gel membrane
to digest DNA for 15 min. Subsequently, 2 ml of Buffer RW1 was loaded onto the
column, incubated for 5 min, and centrifuged at 5,000 rpm for 5 min to remove DNase I.
After DNase treatment, the column was washed twice with 2.5 ml of Buffer RPE and
then transferred onto a fresh 15-ml collection tube. RNA was eluted twice with 150 pi of
RNase-free water by centrifugation at 5,000 rpm for 3 min. RNA solution was aliquoted,
rapidly frozen in a dry ice-ethanol bath, and stored at -80°C.
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Concentration of total RNA was determined by measuring the Absorbance at 260 nm
with a Beckman DU®650 spectrophotometer and calculated as described by Sambrook et
al. (1989).
b. De-contamination of the RNA Samples with DNA-free™ Kit
The RNA samples isolated with the Qiagen RNeasy® Midi kit contained DNA as
revealed by polymerase chain reaction (PCR) using primers specific to aer, suggesting
that the on-column DNase treatment was not sufficient to remove the chromosomal and
plasmid DNA from the samples. Later, a technical consultant from Qiagen informed me
that, in order to obtain DNA-free RNA samples for reverse transcriptase-PCR (RT-PCR),
many researchers used the DNase I stock solution three to four times as much as the
amount suggested by the company for on-column DNase treatment. Therefore, I treated
TM

the RNA samples with the DNA-free DNase Treatment and Removal Reagents kit
(Ambion). This kit can remove contaminating DNA to levels below the limit of detection
by routine PCR and DNase is subsequently removed easily without the need of
phenol/chloroform extraction, ethanol precipitation, heating, or the addition of EDTA. In
addition to removing DNase, the DNase Inactivation Reagent also removes divalent
cations, which can catalyze heat-mediated degradation of RNA.
For de-contamination, 87 pi of the isolated RNA samples was mixed with 10 pi of 10
x DNase I Buffer and 6 U of RNase-free DNase I (2 U/pl) in a total volume of 100 pi,
and incubated at 37°C for 30 min. A 20-pl aliquot of DNase Inactivation Reagent was
then added to the reaction and incubated at room temperature for 2 min. During
incubation the tube was flicked once to re-disperse the reagent. The DNase Inactivation
Reagent was subsequently pelleted by centrifugation at 21,000 x g for 1 min and the
63

supernatant containing E. coli total RNA free of DNA contaminants was dispensed by 20
pi in fresh microcentrifuge tubes. The samples were quickly frozen in a dry ice-ethanol
bath and stored at -80°C.
c. Electrophoresis of Total RNA
RNA samples were electrophoresed on an 1.5% denaturing agarose gel to determine
the yield and integrity. Eight milliliters of 10 x MOPS buffer that contained 4.189% 3[N-morpholino] propanesulfonic acid (MOPS), 0.05 M sodium acetate (pH 7.0), 0.01 M
EDTA (pH 8.0), and 0.6 g agarose was mixed with 29.9 ml of diethyl pyrocabonate
(DEPC)-treated water in a sterile, RNase-free flask. The solution was heated in a
microwave and swirled twice at 30-s intervals, followed by 15-s intervals until agarose
was completely melted. The gel solution was cooled to 65°C, mixed with 2.2 ml
formaldehyde (37%), and cast in a Easy-cast™ Horizontal Electrophoresis System (OWL
Scientific, Inc., Woburn, Mass.) that had been washed with 1% SDS and DEPC-treated
water.
A RNA sample (20 pg) was mixed with two volumes of NBSB dye (7.5 ml of
deionized formamide, 1.5 ml of 10 x MOPS buffer, 2.4 ml of 37% [vol/vol]
formaldehyde, 2.3 ml glycerol, 28 pi of 10 mg/ml ethidium bromide, and 0.3 ml of
bromophenol blue), incubated at 65°C for 15 min, and snap-chilled on ice prior to
electrophoresis. RNA electrophoresis was performed in 1 x MOPS buffer at a constant
voltage of 60 V for 3 h. Two distinct bands representing the 23S and 16S rRNA of E.
coli were expected when the gel was exposed to UV light.
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3. Cloning Techniques - Restriction Digestion, Dephosphorylation, and Ligation
Approximately 0.1 to 2 jug of plasmid DNA or PCR product was digested with
appropriate restriction endonucleases for 1 to 16 h under the conditions suggested by the
manufacturers. Complete digestion of plasmid was verified by electrophoresis of 1/10 of
the total volume on an agarose gel. If the DNA vector was digested with a single
restriction endonuclease, it was 5'-dephosphorylated with 10 U of CIP at 37°C for 1 h,
followed by agarose gel electrophoresis or phenol/chloroform extraction to remove the
enzymes. After gel electrophoresis, the desired DNA fragments were excised from the
gel and purified with the QIAEX® II Gel Extraction Kit. A 10-pl ligation reaction
containing DNA fragments, T4 DNA ligase (200 to 400 U), and 1 x reaction buffer (50
mM Tris-HCl, pH 7.5, 10 mM MgCb, 10 mM dithiothreitol, 1 mM ATP, and 25 pg/ml
bovine serum albumin [BSA]) was incubated at 16°C for 4 to 16 h. The molar ratio of the
DNA vector versus the insert varied from 1:3 to 1:10 depending on the size of the insert.
The 10 x reaction buffer for T4 DNA ligase from New England Biolabs, Inc. contains
ATP that is easily degraded by frequent freeze-thaw cycles. Therefore, the buffer was
divided into small aliquots immediately after it was thawed, and then stored at -80°C
prior to use.
4. Electroporation and Transformation of E. coli Cells
In this study, three different methods for introducing plasmids into E. coli cells were
utilized. The following protocol for preparation of electrocompetent cells has yielded a
high efficiency of over 107‘8 CFU/pg supercoiled plasmid DNA and the competency can
be maintained for at least one year at -80°C. On the other hand, electroporation has
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several disadvantages. The preparation procedure is relatively complicated and timeconsuming. It also costs more than most other methods because of the requirement of
special apparatus and cuvettes. Occasionally, an additional step is required to desalt the
DNA solution to reduce the conductivity. Heat shock transformation can avoid these
problems and also reach highly efficiency. However, the efficiencies obtained from
different cell preparations may vary and will decrease significantly in six months.
Magnesium chloride transformation has a relatively low efficiency (105~6 CFU/pg
supercoiled plasmid DNA), but the simple and quick procedure makes it plausible for
transforming supercoiled plasmids that do not need high efficiency competent cells.
Preparation of competent cells requires sterile techniques. All the reagents.
containers, and pipettes need to be sterilized. Once the cells are harvested, they should
always be kept at 4°C prior to freezing to maintain high transformation efficiencies.
Cells and reagents should be transferred near a flame to avoid contamination.
a. Electroporation
Electrocompetent cells were prepared following the protocol provided by Invitrogen
(Garlsbad, Calif.) with minor modification. A fresh bacterial colony was inoculated into
10 ml of selective LB medium and incubated at 37°C overnight with vigorous shaking.
This culture was then inoculated into 1 liter LB medium in a 4-liter flask and incubated at
37°C with shaking until OD600 = 0.5 to 0.6. The culture was transferred to two prechilled
sterile 500-ml centrifuge bottles and chilled on ice for 30 min before a 15-min
centrifugation at 4,000 rpm in a prechilled Sorvall GS-3 rotor in a Sorvall Superspeed
RC2-B automatic refrigerated centrifuge (Dupont Instruments, Newton, Conn.). Cell
pellets were washed once with 500 ml of ice-cold distilled H2O and centrifuged as above,
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followed by a second wash with 250 ml of distilled H2O to completely remove the salts
and reduce conductivity. The pellets were washed with 20 ml of ice-cold 10% (vol/vol)
glycerol and centrifuged for 15 min in two 50-ml centrifuge tubes at 6,000 rpm in a
prechilled Sorvall SS-34 rotor. Each pellet was resuspended in 1 ml ice-cold 10%
(vol/vol) glycerol and aliquoted in a 55-pl volume into prechilled sterile microcentrifuge
tubes. Cells were rapidly frozen in a dry ice-ethanol bath and stored at -80°C.
Prior to electroporation, competent cells were gently thawed in an ice slurry.
Approximately 5 pg to 0.5 pg plasmid DNA in 1 to 2 pi was mixed with the competent
cells. The mixture was transferred to a prechilled 0.2-cm electroporation cuvette (BioRad
Laboratories) and pulsed at 2.5 kV, 25 pFD capacitance, and 200 Q resistance using the
•
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BioRad Gene Pulser System. A time constant of 4.0 to 4.5 ms was expected for
efficient electroporation into E. coli cells. Immediately after electroporation, the cells
were resuspended in 1 ml SOC medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl,
2.5 mM KC1, 10 mM MgCl2*6H20, 10 mM MgSCVTEbO, and 20 mM glucose;
Sambrook et al, 1989) and transferred to a sterile culture tube to recover for an hour at
37° C with shaking at 225 rpm. Aliquots of the electroporation culture were plated on
selective LB Thia plates and incubated at 37° C for 12 to 16 h.
b. Heat Shock Transformation
High efficiency heat shock competent cells were prepared using a protocol modified
from the method of Inoue et al. (1990). Briefly, 2 ml of an overnight culture was
inoculated in 500 ml of LB medium in a 4-liter sterile flask and grown at 37°C to OD6oo ~
0.6. The cells were pelleted by centrifugation at 3,000 rpm in a prechilled Sorvall GS-3
rotor for 10 min at 4°C, resuspended in 160 ml of ice-cold TB buffer [10 mM piperazine67

N, Af'-bis(2-ethanesulfonic acid) (PIPES), 15 mM CaCl2,250 mM KC1, pH 6.7, and 55
mM MnCb]. The pellet was incubated on ice for 10 min followed by centrifugation as
above. Cells were gently resuspended in 40 ml TB buffer supplemented with 10%
(vol/vol) glycerol and then incubated on ice for 10 min. The cell suspension was
dispensed by 50 pi into prechilled sterile microcentrifuge tubes and immediately frozen
by immersion in liquid nitrogen. The competent cells could be stored at -80°C for up to
six months without lowering the competency.
During transformation, 50 pi of heat shock competent cells was gently thawed and
mixed with DNA. The mixture was placed on ice for 30 min followed by incubation at
42°C for 30 to 45 s without agitation. After incubation on ice for another 2 min, the cells
were recovered in 0.9 ml of SOC medium at 37°C for 1 h with shaking.
c. Magnesium Chloride Transformation
One hundred microliters of an overnight starter culture was inoculated into 11.5 ml
of LB medium in a sterile 50-ml culture tube. The culture was shaken at 37°C until the
OD600 = 0.4 to 0.6, and then centrifuged in a Beckman Benchtop Accu Spin FR™ 673
centrifuge at 2,300 rpm for 10 min at 4°C. The cell pellet was resuspended in 1.2 ml of
ice-cold sterile TSB buffer (1% tryptone, 0.5% yeast extract, 1% NaCl, 10% PEG 350,
5% [vol/vol] dimethyl sulfoxide [DMSO], 10 mM MgCh, and 10 mM MgS04, pH 6.1)
and incubated on ice for 10 min prior to transformation or being frozen at -80°C.
For transformation, up to 5 pi of plasmid was mixed with 100 pi of competent cells
and incubated on ice for 10 min. The DNA-cell mixture was transferred to a sterile
culture tube containing 5 pi of 2 M glucose and 450 pi TSB buffer and recovered at 37°C
for one hour with shaking prior to plating.
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5. Polymerase Chain Reaction
a. High-fidelity PCR
Truncated aer gene fragments were amplified by high-fidelity PCR using the
Expand™ High Fidelity PCR System, which is optimal for amplifying DNA fragments of
size 0.5 to 5 kb. The kit is composed of a unique enzyme mix containing Taq and Pwo
DNA polymerases (Barnes, 1994). Pwo DNA polymerase possesses an inherent 3' to 5'
exonuclease proofreading activity, and thereby amplifies DNA with 10-fold greater
accuracy than other common thermostable polymerases. In combination with both Taq
TM
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and Pwo DNA polymerases, the Expand High Fidelity PCR System offers three times
the fidelity and twice the yield of Taq polymerase. This enzyme mixture provides an
error rate of 8.5 x 10‘6 in comparison with an error rate of 2.6 x 10'5 of Taq polymerase.
In addition, the polymerase activity in this kit is insensitive to varying Mg 2+
concentrations.
The PCR reaction contained 250 ng of the pAVR2 plasmid (wild type aer, Table 2.1),
0.5 pM of each upstream and downstream primers, 0.2 mM of each dNTP, 1.4 U of
polymerase mix, 1.5 mM MgCh, and 1 x Expand HF buffer in a total volume of 50 pi
placed in a 200-pl thin-walled MicroAmp^ PCR Reaction tube (PE Biosystem, Foster
City, Calif). The PCR reaction was carried out using the GeneAmp® PCR System 2400
Thermal Cycler (PE Biosystem, Foster City, Calif.) with an initial denaturing step at 94°C
for 2 min, followed by 30 cycles at 94°C (45 s) for denaturing, 55°C (45 s) for annealing,
and 72°C (2 min) for extension. An additional step at 72°C for 7 min was performed to
ensure adequate extension.
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The gene fragments expressing the His6XAer2-23i and His6XAer2-285 polypeptide were
amplified with a common upstream primer Reverse 1 (5'-AGCGGATAACAATTTCAC
ACAGGA-3') and a downstream primer PstIN3' (5AAAACTGCAGTTACTCAACAC
TATTACGTTCTCCGGTCGCCAC-3') or 285PstI (5' -AAACT GC AGTT AGGT AT GTT
CGTTCAGTTCATC-3'). Each PCR product was digested with Ehe\ and Pst\ and cloned
into the Ehel-Pstl site of the pProEX HTa expression vector (Table 2.1) to generate
pQH7 or pQHIO (Fig. 2.1). The gene fragment encoding His6XAer209-285 (pQH8, Fig. 2.1)
was amplified with the upstream primer Stu625 (S'-GCAAGGCCTGTGCGCCCGATAG
AAAAT-3') and the downstream primer 285PstI, and was digested with Stul and Pstl to
clone into the Ehel-Pstl site of pProEX HTa. Consequently, the N-termini of all these
truncated polypeptides were fused with a His6X-tag. The entire coding sequence of each
construct was confirmed by automated DNA sequencing carried out in the Core Facility
of the Center for Molecular Biology and Gene Therapy at Loma Linda University.
b. Inverse PCR
Inverse PCR amplifies the circularized DNA fragment of interest using primers
synthesized in the opposite orientations to those normally employed for PCR, thereby
permitting the amplification of the upstream and downstream regions flanking a specific
DNA segment (Ochman et al, 1988; Silver and Keerikatte, 1989; Triglia et al., 1988). In
this study, inverse PCR was utilized to delete the DNA fragment encoding either the TM
region or the linker region/HAMP domain of Aer, as well as to replace the TM region
with exogenous poly-alanine linkers. The Pfu Turbo™ DNA polymerase from the
QuikChange™ site-directed mutagenesis kit (Stratagene) was used to provide high fidelity
of amplification.
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Fig. 2.1. Diagram of the mutant aer constructs. pAVR2 expresses a will-type Aer
protein fused to an N-terminal His6X-tag under the control of a Vtrc promoter. pQHl
contains codons for four exogenous residues (arginine, proline, arginine, and
isoleucine) between the residues Alai85 and Prol86 of Aer. pQH4 lacks the TM
region and the residues Gln207 and Ile208 are replaced with arginine and proline.
pQH14 and pQH15 have exogenous linkers of ten and twenty alanine residues in place
of the Aeri67-206 region, respectively. pQHl 1 contains a point mutation (A403T) in the
signaling domain. pQH16 is deleted in the linker region/HAMP domain. PQH3, pQH7,
pQH8, pQH9, pQHIO, and pQH12 express different truncated Aer constructs as
illustrated. The plasmid vectors for the constructs are pACYC184 for pQHll and
pQH12, pTrc99A for pQHll, pQH14, pQH15, and pQH16, and pProEX HTa for the
remaining constructs.
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Synthetic oligonucleotide primers used in inverse PCR were 5'-phosphorylated prior
to use. This was achieved by mixing both forward and reverse primers (10 pg of each) in
a 100-pl reaction containing 10 U of T4 polynucleotide kinase and 1 x reaction buffer for
T4 DNA Ligase, and incubating at 37°C for 1 h. The kinase was then inactivated by
incubation at 65°C for 20 min.
The 50-pl inverse PCR reaction mixture contained the plasmid template (10 ng),
dNTP (0.2 mM of each), forward and reverse primers (125 ng of each), and the Pfu
TM
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Turbo DNA polymerase (2.5 U) in 1 x reaction buffer. Inverse PCR was performed at
95°C (30 s) for initial denaturation followed by 16 to 20 cycles of 95°C for 30 s, 55°C for
two min, and 68°C for 14 min (or 2 min per kilobase of PCR product length).
Subsequently, the template plasmid was removed by digestion with 10 U of Dpn\ at 37°C
for 3 h prior to further manipulation.
To make the TM-deletion construct, pQH4 (A167-208, Fig. 2.1), the primers Stu625
and StuI498 (5'-CGGAGGCCTACGCGCCCGCCAGCGAAGCGGTAATG-3') were
used to amplify the sequence of the pAVR2 plasmid that flanked the TM-coding region.
After digestion with Dpn\, the PCR product was circularized by T4 DNA ligase. Two pi
of the ligation reaction was transformed to E. coli XL 1-Blue cells. Plasmid from one of
the transformants was isolated, digested with Stu\, and self-ligated to generate an in
frame fusion of the gene for Aer2-i66 and Aer209-so6Plasmid pQH14 that contained an exogenous ten-alanine (Alaiox) linker in place of
the Aer TM region (Fig. 2.1) was constructed by inverse amplification of pGHl (Aeri.506,
Table 2.1) using primers SacIIF (5'-GTTACCGCGGCTGCTGCTGCTGCTGCTGCTGC
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TCAGATTGTGCGCCCGATAGAAAATGTT-3') and SacIIR (5'-TATACCGCGGCAC
GCGCCCGCCAGCGAAGCGGTAATG-3'), which contained multiple alanine codons
(GCN) and a SacW restriction site to facilitate cloning. The annealing temperature of the
PCR reaction was 50°C because the primers contained large exogenous fragments at the
5' ends. Following treatment with Dpn\, the PCR product was digested with SacW and
then circularized before it was electroporated into E. coli XL 1-Blue cells.
A similar plasmid, pQH15 (Fig. 2.1), expressing a twenty-alanine linker (Ala20x) in
place of the Aer TM region, was constructed in a similar manner using primers NotIF (5'
GTTGCGGCCGCTGCTGCTGCTGCTGCTGCTGCTGCTCAGATTGTGCGCCCGAT
AGAAAATGTT-3') and NotIR (5'-CTTAGCGGCCGCTGCTGCTGCTGCTGCTGCTG
CCGCGGCACGCGCCCGCCAGCGAAGCGGTAATG-3') that contained SacW and
Notl restriction sites. The PCR product was digested with Notl before re-ligation and
transformation.
pQH16, which was deleted in the coding region for the Aer linker region/HAMP
domain (AAer2o5-280, Fig. 2.1), was generated by inverse PCR using pGHl as the
template. The primers 281SacIF (5'-GCGGAGCTCAACGCCCATACCCAGCAGACA
GTT-3') and 204BstBIR (5'-GTCTTCGAAACAGGCGCTTGC-3') contained silent
mutations in the codons for residues 280 and 281 or residue 204 to generate a Sac\ or
BstBl restriction site. Following inverse PCR and Dpn\ digestion, the PCR product was
precipitated with ethanol and re-ligated prior to transformation.
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All the above plasmids were isolated from the E. coli XL 1-Blue transformants. In
frame deletion or insertion was verified by restriction digestion and automated DNA
sequencing.
c. Site-directed Mutagenesis
i) Principles
Site-directed mutagenesis is an invaluable technique for studying protein structurefunction relationships and for identifying important regions or amino acids for gene
expression or protein function. Based on the inverse PCR technique, site-directed
mutagenesis utilizes the high-fidelity Pfu DNA polymerase to make point mutations,
replace amino acids, and delete or insert single or multiple amino acids. The
QuikChange™ site-directed mutagenesis kit allows site-specific mutation in virtually any
double-stranded plasmids. The system does not require a specialized vector, unique
restriction site, or cloning procedure, and can generate mutant plasmid in less than three
days. Using this system, the synthesized primers containing the desired mutation(s) are
extended by Pfu Turbo™ DNA polymerase during amplification, generating a pool of
mutated plasmids with staggered nicks. The mutagenesis product is subsequently treated
with the Dpn I endonuclease, which selectively digests the template DNA due to its
specificity for methylated DNA. The nicks in the mutated plasmid are repaired in vivo by
ligase after transformation.
ii) Guideline for Primer Design
The two complementary mutagenic primers, which anneal to the opposite strands of
the template plasmid, must contain the desired mutation, flanked by 10 to 15 bases of
unchanged nucleotide sequence. Primers should be between 25 and 45 bases in length.
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with the optimal GC content of 40% and the melting temperature (Tm) >78°C. However,
primers with Tm as low as 72°C still worked well according to my experience. The Tm is
estimated using the formula: rm= 81.5 + 0.41 x (%GC) - 675 -r N - %mismatch, in
which N represents the primer length in bases, %GC = total number of G and C bases
N xlOO, and %mismatch = number of mismatched bases

N xlOO. The primers should

terminate in at least one C or G base and avoid any A or T at 3' end. Concentrations of
the primers in a mutagenesis reaction need to be in excess.
Nucleotide sequences of the primers used for site-directed mutagenesis in this study
are listed in Appendix.
iii) Modified Protocol for Site-directed Mutagenesis
I have modified the Stratagene protocol to increase the mutagenesis efficiency from
-60% to nearly 100% and to double the quantity of reactions by reducing by half the
reaction volume. Prior to mutagenesis, the primers were 5'-phosphorylated as described
above. A 25-pl mutagenesis reaction contained the plasmid template (5 ng), the
mutagenic primers (125 ng of each), dNTP (0.1 mM of each), and Pfu Turbo™ DNA
polymerase (1.25 U) in 1 x reaction buffer. Pfu polymerase was added after an initial
denaturing step at 95°C for 30 s. The mutagenesis cycle setting was 95°C for 30 s, 55°C
for one min, 68°C for 14 to 15 min (2 min per kilobase of plasmid length) in a total of 16
cycles. After PCR mutagenesis, the reaction was cooled to <37°C and then treated with
Dpn\ (10 U) at 37°C for at least three hours to completely remove the template plasmid.
Half microliter of the reaction was introduced into 30 pi of Epicurian Coli™ XLl-Blue
supercompetent cells (Stratagene) by heat shock transformation. Following recovery in
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one ml SOC medium at 37°C for 1 h, the cells were pelleted by centrifugation at 10,000 x
g for 1 min and then resuspended in 100 pi SOC medium and plated on LB agar
supplemented with 100 pg/ml ampicillin. The plate was incubated at 37°C overnight and
50 to 800 colonies were expected. For each mutation, 5 to 10 colonies were randomly
selected for plasmid minipreps using the QIAprep® Spin Miniprep Kit. After gel
electrophoresis, two samples with the same size as the parental plasmid were adjusted to
a final concentration of 200 ng/pl and the anticipated mutation was verified by automated
DNA sequencing.
d. PCR Random Mutagenesis
Lacking the 3' to 5' exonuclease activity, the “error-prone” Taq DNA polymerase has
been used in random mutagenesis techniques for introducing amino acid changes into
proteins to analyze structure-function relationships (Tindall and Kunkel, 1988). The
mutation frequencies of Taq DNA polymerase can be deliberately adjusted by employing
PCR reaction buffers containing Mn2+ and unbalanced dNTP concentrations (Leung,
1989; Cadwell and Joyce, 1992). The mutated DNA fragments were subsequently cloned
into expression vectors, and the resulting mutant libraries were screened for altered or
improved protein activities. To analyze the structure-function relationships, a mutation
frequency of one amino acid change (1 to 2 nucleotide changes) per gene is desired.
In this study, the gene for the Aer linker region/HAMP domain was subjected to PCR
random mutagenesis using the primer pairs 205BstBIF (5'-GGTTTCGAATGGCAGATT
GTG-3') and 280SacIR (5'-GCTGAGCTCATCGGTGCCTTTCGCCAGCGT-3'). To
facilitate cloning, silent mutations were introduced to the codons for residues 204 or 280
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and 281 to create a BstB\ or Sac\ restriction site. The PCR reaction providing a single
base change in the amplified ~230 bp DNA fragment contained 250 ng of pGHl as the
template, 2 U of Taq DNA polymerase, 0.5 pM of each primer, 0.2 mM of each dNTP,
0.05 mM MnCl2, 1.5 mM MgCl2, 50 mM KC1, 10 mM Tris-HCl (pH 8.3), and 5 pg/ml
BSA. The mutagenesis reaction was performed as ten cycles of 95°C (1 min), 50°C (2
min), and 75°C (3 min) following an initial denaturing step at 95°C (1 min). The
randomly mutated DNA fragments were then precipitated with ethanol and subjected to
20 cycles of PCR amplification in the above condition but with no MnCl2. The PCR
reaction was electrophoresed in an 1.2% agarose gel and a ~230-bp band was excised and
purified with the QIAEX® II Gel Extraction Kit. The mutated DNA fragments were
digested with Sac\ (40 U) at 37°C overnight followed by digestion with i?s/BI (40 U) at
65°C for 1 h. The fragments were cloned into the BstQ\-Sac\ site of pQH16 (Fig. 2.1) to
obtain in-frame fusions of the mutated Aer linker regions and the rest portion of the wild
type Aer protein. BT3312 cells (Table 2.1) electroporated with the ligation reaction were
plated on LB Thia plates and incubated at 37°C overnight before individual colonies were
selected for phenotype analysis.
e. Reverse Transcriptase-PCR (RT-PCR)
Expression of the mutant aer genes in strain BT3312/L241P and BT3312/L249P were
compared with that in strain BT3312/pGHl by RT-PCR using the GeneAmp® Gold RNA
PCR Reagent Kit. This kit provides a combination of MultiScribe™ Reverse
Transcriptase, derived from Murine Leukemia Virus (MuLV), and the “hot start”
AmpliTaq Gold® DNA Polymerase and allows reverse transcription and PCR
amplification in a single tube with a single buffer. The one-step RT-PCR procedure
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eliminates the requirement of reagent additions following the reverse transcription
reaction, thereby reducing the risk of contamination.
In this study, two specific primers were designed to amplify an ~100-bp fragment
encoding the Aer FI region, which had little sequence homology with other proteins in E.
coli. The sequences of the upstream and downstream primers were 5'-TGGAGCCGCTG
TACAAAG-3' and 5'-CCAGCGAAGCGGTAATG-3', respectively. Each 50-pl
reaction contained 100 ng of total RNA, 100 nM of each primer, 1 x RT-PCR buffer (30
mM Tris-HCl and 20 mM KC1, pH 8.3), 1.25 mM MgCh, 0.2 pM of each dNTP, 10 U of
RNase Inhibitor, 5.0 mM dithiothreitol (DTT), 2.5 U of AmpliTaq Gold® DNA
Polymerase, and 15 U of MultiScribe™ Reverse Transcriptase. Total RNA from strain
BT3312/pTrc99A and DEPC-treated H2O were used as two negative controls. A set of
reactions without reverse transcriptase was also prepared to detect DNA contamination in
the samples. The reverse transcription reaction was performed at 42°C for 12 min,
followed by a 10-min incubation at 95°C to inactivate the reverse transcriptase and
activate the hot start Taq polymerase. PCR amplification was carried out by 43 cycles of
94°C (20 s) for denaturation and 60°C (60 s) for annealing and extension. A final step at
72°C for seven min was used to ensure adequate extension. Following PCR, 10 pi of
each reaction was electrophoresed on a 2% agarose gel to compare the yields.
6. Allelic Exchange
The strain defective in aer, tsr, tar, trg, and tap was generated by allelic exchange as
described by Hamilton et al. (1989) and modified by Link (1997). For a detailed
description of this technique, see Rebbapragada, 2000. This method has employed the
plasmid vector, pK03, which is derived from a temperature-sensitive pSClOl replicon
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that facilitates gene replacement in response to growth temperature (Hashimoto-Gotoh
and Sekiguchi, 1977). The permissive temperature for this replicon is 30°C. At a high
temperature (44°C), the plasmid is forced to integrate into the E. coli chromosome by
homologous recombination in the presence of chloramphenicol. Subsequent growth at
30°C leads to a second recombination that excises the plasmid from the chromosome and
regenerates a free plasmid containing either the original sequence or the sequence
exchanged from the chromosome. The pK03 vector also contains the sacB gene of
Bacillus subtilis for selecting cells that have lost the plasmid vector because the levan
polymer produced by the sacB gene in the presence of sucrose is fatal to E. coli cells.
To obtain a strain lacking all the chemoreceptors as well as aerotactic activity, the
aer-2::kan construct (Rebbapragada et al, 1997) was used to inactivate the aer
gene in the E. coli HCB339 strain that is deleted of all four chemoreceptors (Table 2.1;
Wolfe et al, 1987). HCB339 cells electroporated with ^YS)2>aer-2::kan were plated on
LB Thia plates supplemented with 25 pg/ml chloramphenicol and 50 pg/ml tetracycline,
and were incubated separately at 44°C or 30°C overnight. The integration frequency was
determined by comparing the number of colonies on plates incubated at different
temperatures. To eradicate the plasmid from the cells, loopful colonies from the 44°C
plate were inoculated into 5 ml of LB Thia medium containing 7.5% sucrose and 50
pg/ml kanamycin, and grown at 30°C with shaking to ODeoo ~ 0.50. The culture was then
plated on LB Thia plates with 7.5% sucrose and 50 pg/ml kanamycin and incubated at
30°C overnight to isolate single colonies. An additional step in which the cells were
grown at 44°C on LB Thia plates without any selective antibiotic was used to ensure the
elimination of the plasmid. Fifty single colonies were restreaked in parallel on LB Thia
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plates with 50 pg/ml kanamycin plus 25 pg/ml chloramphenicol or with kanamycin
solely, and incubated at 30°C overnight. Cells that contained the kanamycin cassette
flanked by the aer gene in the chromosome and had lost the plasmid were identified by
the absence of chloramphenicol resistance.
To confirm the integration of the kanamycin cassette within the aer gene, a PCR
reaction was carried out using the aer primers 506UP (5'- GCGAATTCCATGTCTTCTC
ATCCGTATG-3') and 506DOWN (5'- GCGAATTCATGTCTTCTCATCCGTATGTC3') to amplify the genomic DNA (2 pi) isolated from the colonies. The presence of a 2.7
kb PCR product (1.5 kb of aer +1.2 kb of kari) indicated that the kanamycin cassette was
successfully inserted within the aer gene. The resultant strain was designated as BT3339.
D. Biochemical Techniques
1. Protein Expression and Fractionation of the Cells
To monitor protein expression, the plasmid-transformed E. coli XL 1-Blue or BT3312
cells were inoculated in 5 ml of LB medium supplemented with appropriate antibiotic
and incubated at 30°C with vigorous shaking. At mid-log phase (OD600 = 0.4 to 0.6), the
culture was divided into two parts, one of which was mixed with 0.6 to 1 mM IPTG for
induction and the other fraction was used as an uninduced control. Growth at 30°C
continued for 3 h. Cells from 1 ml culture were centrifuged at 20,000 x g for 1 min and
resuspended in 250 pi 2 x sample buffer [1.5% Tris-HCl, pH 6.8, 4% SDS, 4% (wt/vol)
glycerol, 0.006% bromophenol blue, and 2% (vol/vol) (3-mercaptoethanol]. Cells were
lysed in a boiling water bath for 2 min and snap-cooled to 4°C.
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To obtain different fractions of the cells, a 600-ml culture was grown at the above
condition and was divided into two equal parts at ODeoo - 0.4 to 0.6. Protein expression
was induced in one of the duplicates with 1 mM IPTG for 3 h. Cells were harvested by
centrifugation at 8,000 rpm in a Sorvall GS-3 rotor for 15 min and then stored at -80°C
prior to fractionation. To fractionate the cells, pellets were thawed, resuspended in 1 ml
of 40 mM Tris-HCl buffer (pH 8.0), and transferred to corex tubes. Residual medium
was removed after centrifugation at 9,000 rpm in a Sorvall SS-34 rotor for 15 min at 4°C.
The cells were resuspended in 2 ml of lysis buffer (40 mM Tris-HCl, pH 8.0, 0.3 mg/ml
lysozyme) supplemented with 1 pg/ml DNase I and the Complete™ Mini Protease
Inhibitor Cocktail Tablets containing pancreas-extract, pronase, thermolysin,
chymotrypsin, and papain to prevent in vitro proteolysis. Cells were lysed by five cycles
of freeze-thaw and three to five intervals of sonication using a Branson Sonifier cell
disrupter 200 (4 to 5 output control, 40% duty cycle, 20 pulses). Unbroken cells, cell
debris, and inclusion bodies were removed by centrifugation at 9,000 rpm for 20 min.
This low-spin pellet was resuspended in 1 ml of 40 mM Tris-HCl (pH 8.0). The low-spin
supernatant was centrifuged at 485,000 x g (60,000 rpm in a Beckman SW60 rotor) for
20 min at 4°C in a Beckman XL-90 Ultracentrifuge (Beckman Instrument Inc., Fullerton,
Calif). The high-spin pellet containing the cell membrane was resuspended in 1 ml
distilled H2O by sonication. All three fractions could be stored at -20°C.
Protein concentration was determined by Absorbance at 595nm using the Bradford
method (Bradford, 1976). Samples from different cellular fractions were mixed with an
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equal volume of 2 x sample buffer for SDS-PAGE and/or Western blot (immunoblot)
analyses.
2. SDS-PAGE and Western Blot
a. SDS-PAGE
Protein samples were separated on Tris-Tricine SDS-polyacrylamide gels (Schagger
and von Jagow, 1987) in a BioRad Mini-Protean® Dual Slab Cell. Samples were loaded
on a stacking gel containing 4% polyacrylamide, 0.74 M Tris-HCl (pH 8.45), 0.078%
SDS, 9.8% (wt/vol) glycerol, 0.12% ammonium persulfate, and 0.12% (vol/vol)
/VWWW’-tetramethylethylenediamine (TEMED) and electrophoresed at a constant
current of 30 mA per gel. The protein bands were separated by a separating gel
containing 10% polyacrylamide, 1 M Tris-HCl (pH 8.45), 0.1% SDS, 20% (wt/vol)
glycerol, 0.05% ammonium persulfate, and 0.05% (vol/vol) TEMED. Following
electrophoresis, the gel was stained for 1 h with a staining buffer containing 0.25%
coomassie brilliant blue, 45.4% (vol/vol) methanol, and 9.2%(vol/vol) glacial acetic acid.
A solution of 45.4% (vol/vol) methanol and 9.2% (vol/vol) glacial acetic acid was used to
destain the gel until bands were clearly visible.
b. Western Blot
After SDS-PAGE, the protein bands were transferred from the gel to a nitrocellulose
membrane (BioTrace®NT, Gelman Sciences, Ann Arbor, Mich.) using a BioRad
TransBlot semi-dry transfer apparatus at a constant voltage of 15 V for 25 min. A
transfer buffer with high pH value (pH « 8.0) containing 12 mM Tris base, 96 mM
glycine, and 10% (vol/vol) methanol was used to obtain maximum transfer of the Aer
protein, which has a high pKa value. Following transfer, the membrane was blocked
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with 5% Carnation nonfat dried milk disolved in 1 x Tris Buffered Saline Tween20
(TEST) buffer (25 mM Tris-HCl, pH 7.6, 0.15 M NaCl, 0.05% [vol/vol] Tween 20®) for
over 1 h. The membrane was washed three times with 20 ml of 1 x TEST buffer for 10
min by shaking slowly on an Orbital Shaker (Bellco Biotechnology, Vineland, N.J.). The
membrane was subsequently submerged in 1 x TEST buffer mixed with 7.5 pi rabbit
anti-His6XAer2-i66 antiserum (~1:133,000 dilution; Repik et al, 2000) for 1 h with mild
shaking, followed by washing three times as described above. Goat Anti-Rabbit IgG
(H+L) HRP-conjugated antibody (1:5000 dilution in 1 x TEST buffer) was used to probe
the membrane for 30 min followed by washing three times. Equal volumes of
luminol/enhancer solution and peroxide solution of the SuperSignal® Chemiluminescent
Substrate Detection reagents were added to react with horseradish peroxidase (HRP) for 1
to 2 min. The nitrocellulose membrane was drained, covered with plastic wrap, and
exposed to Kodak Scientific Imaging BioMax ML film.
To determine expression of Aer and its mutated forms under uninduced conditions,
the cells from 1 ml of an OD6oo ~0.8 culture were resuspended in 2 ml 2 x sample buffer
and lysed by boiling as described above. Fifteen microliters of each sample was
electrophoresed and detected by Western blot using a 10,000-fold diluted adsorbed antiHis6XAer2-i66 antiserum. The rabbit antiserum was absorbed in a column conjugated with
a lysate of E. coli UU1117 cells {kaer. Table 2.1) to remove the antibodies for is. coli
antigens other than Aer. Therefore, the adsorbed antiserum had an increased specificity
and affinity to Aer (F. Roy and M. Johnson, personal communication).
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All truncated Aer constructs lacking the PAS domain sequence were detected with
INDIA™ HisProbe-HRP (1:10,000 dilution), in which the HRP-conjugated nickel
particles could covalently bind the His6x-tag. Following washing of the unbound
HisProbe, the SuperSignal® Chemiluminescent substrate was immediately added without
the need of secondary antibodies.
3. Measurement of FAD Content in the Membrane Fraction
Overexpression of Aer increases the production of FAD in the cell. Since FAD was
noncovalently bound to Aer, it could be easily released to the aqueous phase upon
chloroform extraction (Bibikov et al., 2000). Consequently, the FAD contents in the
membrane fraction of the cells under induced and uninduced conditions were compared
to determine the ability of the protein to bind FAD.
Strains of interest were grown with or without induction and cells were fractionated
as described above. Each strain was grown on two independent days to obtain duplicate
data. The suspended high-spin pellet was transferred in 450-pl aliquots to two 1.5-ml
microcentrifuge tubes as duplicates. Membrane proteins were mixed with 450 pi of
chloroform by vortexing for 30 s and centrifuged at 20,000 x g for 2 min. The upper,
aqueous phase of each extraction was carefully transferred to a fresh microcentrifuge tube
for the next round of chloroform extraction. After extracting five times, the aqueous
phase was filtered through a Microfilterfuge Tube (0.2 pm pore size, uncharged Nylon66 membrane, Rainin Instrument Co., Inc., Woburn, Mass.) to remove the residual
protein contaminants prior to High Performance Liquid Chromotography (HPLC)
analysis. The samples were stored at -20°C in the dark.
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The FAD content in the chloroform-extracted samples was measured using a
modified protocol of Bibikov et al. (1997). The sample (100 pi) was injected onto a
Jupiter 5u C18 300A reverse phase column (Phenomenex, Torrance, Calif). A mixture
of Buffer A (50 mM ammonium acetate, pH 5.9, and 0.02% Sodium Azide) and Buffer B
(HPLC grade 100% methanol) at gradients from 20% to 100% of Buffer B was applied
through the column over 15 min. FAD was identified by its retention time (7.4 ± 0.3
min) and its spectrum at 450 nm, recorded during each run by a photodiode array
spectrophotometer. Total FAD content in the membrane fraction was calculated using
the formula: total FAD content in picomole per milligrams of membrane proteins = Area
of the FAD peak -r 96,183 X (1/5) X 6.67 X 1,000 -s- concentration of membrane proteins
in mg/ml. A ratio of the inducedmninduced samples over 1.20 was considered positive in
terms of FAD binding.
E. Aerotaxis and Chemotaxis Behavioral Studies
1. Spatial Assays
a. Aerotaxis Capillary Assay
The aerotaxis capillary assay was performed as described by Zhulin, et al. (1996). To
obtain optimum motility, a fresh single colony or a 1:100 dilution of liquid culture (ODeoo
= 0.4 to 0.6) was inoculated into 5 ml LB Thia medium supplemented with appropriate
antibiotic and grown to mid-log phase (ODeoo = 0.40 to 0.45) at 30° C with vigorous
shaking. The cell culture was loaded in an open-ended capillary tube (0.1x1.0 mm
microslide, VitroCom Inc., Mountain Lakes, N.J.) and was immediately placed on the
stage of a dark-field microscope (Leitz Dialux trinocular microscope, Wetzler, Germany).
Formation of an aerotactic band was observed through the attached COHU Solid State
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Camera (Cohu, Inc., San Diego, Calif.) and a Panasonic video monitor (Model No. TR930, Matsushita Electric Industrial Co., Ltd., Japan), and was recorded using a Sony
video cassette recorder (SLV-R1000, Sony Cooperation, Japan) as needed.
Wild type E. coli cells accumulated at a distance from the air-liquid interface (or
meniscus) to form a sharply defined band in approximately 10 to 15 min of incubation.
The band was a result of reflection of high cell density and was usually flanked by clear
zones on both sides where the cell density of cell was low. Bacteria swimming away
from the band tumbled and returned back once they reached the boundaries between the
band and the clear zones. The distance between the band and the meniscus decreased
over time because cells depleted oxygen in the capillary. The distance of the center of
the band to the meniscus was measured on the monitor 30 min after the cells were loaded
into the capillary. In contrast, the aerotactic mutant strains did not form an aerotactic
band but occasionally exhibited a pseudo-band. This was caused by bacterial cells
swimming to an anaerobic region close to the nonmotile cells, where motile bacteria
could not move any further and thereby accumulated. A pseudo-band could be
distinguished from an aerotactic one by (i) lack of a clear zone between the band and the
nonmotile cells, (ii) no movement toward the meniscus over time, and (iii) no bacterial
behavioral changes at the boundaries of the band.
b. Succinate Swarm Plates
Aerotactic cells form a bottom ring on minimal semi-soft agar containing succinate as
sole carbon and energy source (Bibikov et al., 1997). Presumably, succinate drives
electron flow through the ETS by donating electrons, and thereby increases proton
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motive force that is detected by the aerotaxis/redox taxis transducer Aer. Hence
succinate swarm plates are used for studying the aerotactic activity of Aer.
The succinate swarm plates was made of 0.25 to 0.28% agar, 30 mM succinate, 1 mM
MgS04, in HI minimal salt medium [64 mM K2HPO4, 36 mM KH2PO4, and 15 mM
(NH4)2SO4] supplemented with 1 pg/ml thiamine, 20 pg/ml histidine, methionine.
leucine, and threonine to satisfy growth requirements. The appropriate antibiotic was
also added to maintain the plasmid in the cells. The plates inoculated with fresh single
colonies or 3 pi of a fresh culture (ODeoo := 0.40 to 0.45) were incubated at 30°C for
approximately 36 h. An aerotactic strain forms a truncated-cone shaped swarm with a
sharp ring at its bottom (Bibikov et ah, 1997). This is because oxygen is depleted fastest
at the bottom, where it was least accessible to oxygen diffusing through the agar.
Aerotactic mutant strains formed cylinder-shaped swarms with a fuzzy edge.
Recently Dr. J. Parkinson pointed out that a high concentration of phosphate salt
(such as HI minimal salt) suppressed motility, and therefore, they used 10 mM potassium
phosphate for succinate swarm plate assay. Consequently, I have compared the
phenotypes of various E. coli strains on succinate swarm plates with 10 mM and 100 mM
potassium phosphate, but found no difference in swarming patterns other than swarming
size that was possibly due to different motilities.
c. Tryptone Swarm Plates for Chemotaxis and Aerotaxis Analyses
Effects of the aer mutants on the Tsr or Tar chemoreceptors were examined on
tryptone swarm plates (1% tryptone, 0.5% NaCl, and 0.25% agar) supplemented with 0.5
pg/ml thiamine and the appropriate antibiotic. After 12 to 16 h of incubation, E. coli
strains that are tsr+ and tar+ (e.g., RP437, UU1117) form two distinct rings on tryptone
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swarm plates: an inner ring in response to aspartate that is mediated by the Tar receptor,
and an outer ring in response to serine that is sensed by the Tsr receptor. BT3312 cells
lack the serine ring due to a deletion in the tsr gene.
I developed a method for selecting aerotactic revertants using tryptone swarm plates.
This method was based on an observation that wild type Aer restored random motility
and formed an aerotactic ring on tryptone semi-soft agar when it was overexpressed in a
strain lacking all the chemoreceptors (Bibikov and Parkinson, personal communication).
M. Brandon made an E. coli strain, BT3340, by knocking out the recA gene from strain
BT3339, which was deficient in aer and all four chemoreceptor genes (Table 2.1).
BT3340 cells transformed with different aer constructs were grown at 30°C to OD600 =
0.40 to 0.45 for optimal motility. Tryptone swarm plates supplemented with 20 pM
IPTG and 100 pg/ml ampicillin were freshly prepared. A Pasteur pipette was sterilized
over a burner and its tip drawn to a thin capillary. The pipette was used for laying 100 pi
of bacterial culture (approximately 2 to 4 xlO7 cells) into the semi-soft agar as a line.
The plates were incubated at 30°C for 24 to 30 h. Cells bearing mutant aer plasmids
grew at the inoculation site and could not swarm out because the smooth bias trapped
them in the agar. However, an aerotactic revertant restored random motility by
expressing a functional Aer mutant protein at a high level, and thereby swarmed out and
formed a bleb with an outer ring (Fig. 2.2A). This method was particularly useful for
second-site suppressor analysis that requires differentiation of one aerotactic revertant
from a large population of nonaerotactic bacteria.
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Fig. 2.2.

Selection method for the Aer revertants.

Plasmids were

transformed into E. coli BT3340 (aer:2-Kan Atsr Atar Atrg Atap) cells.
Each strain was grown in LB medium supplemented with 0.05 pg/ml
thiamine and 100 pg/ml ampicillin at 30°C to OD600 « 0.40.
Approximately 2 to 4 x 107 cells were inoculated in a line on tryptone
semi-soft agar plates with 20 pM IPTG and incubated at 30°C for 30 h.
A. A mixture of BT3340/pGHl and BT3340/pTrc99A cells at a ratio of
1:106 shows formation of aerotactic blebs. B. Two types of blebs
formed by

revertants

of the

HAMP domain mutant

strain

BT3340/L239Q. The aerotactic revertant has an outer ring, whereas
the switch mutant does not.
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2. Temporal Assays
a. Aerotaxis Temporal Assay
The aerotaxis temporal assay (Laszlo and Taylor, 1981) was used to quantify the
responses to increased and decreased oxygen concentrations mediated by the mutant Aer
proteins. Motile bacteria were cultured as described above. When required, IPTG with
appropriate concentrations was added at ODeoo = 0-20 to 0.25 and growth continued for
30 to 40 min to reach OD6oo = 0.40 to 0.45. The culture was then diluted to five folds and
a 10 pi aliquot was added onto a glass slide, which was inserted into a gas flow
microchamber, to obtain 50 to 100 cells per field under 800 x magnification (Laszlo and
Taylor, 1981). The chamber was ventilated with air (21% oxygen) for approximately two
min to allow the bacteria to resume random motility. The prestimulus behavior was
recorded for 30 s. Pure nitrogen was then purged through the chamber quickly to create
an anaerobic condition that caused a tumbling response by the wild type cells. Twenty
seconds after the cells resumed the prestimulus behavior, the chamber was again perfused
with air, and the smooth response was also recorded. The response time, which was
defined as the time required for 50% of the cell population to resume prestimulus
motility, was calculated by reviewing the tapes. Each strain was analyzed in triplicate on
two separate days.
b. Redox Taxis Assay (Quinone Assay)
A temporal assay of responses to substituted quinones was used to assess redox taxis
by aer mutants (Bespalov et al, 1996). In this experiment, 1 ml fresh motile cell culture
was centrifuged at 3,000 rpm in an IEC Micromax microcentrifuge (IEC International
Equipment Company, Needham Heights, Mass.) for 6 min at room temperature. Cells
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were washed twice with 1 ml of chemotaxis buffer (10 mM potassium phosphate and 0.1
mM EDTA, pH 7.0) supplemented with 20 mM sodium lactate, and resuspended in 500
pi of the same buffer. Nine microliters of cell suspension was added onto a slide and
placed on the microscopic stage for about 2 min to allow the cells to adapt to the
environment. One microliter 1,4-benzoquinone (BQ) quinone solution with appropriate
concentration was quickly mixed with the cell suspension and bacterial behavioral
changes were recorded and analyzed. The BQ solution was prepared by diluting from an
100-mM stock solution with dd^O. At low concentrations, BQ is oxidized rapidly and
therefore, was prepared freshly every 20 min during the experiment. Double distilled
water plus ethanol corresponding to the concentration in the quinone solution was used as
a negative control. For strains having smooth bias, 1 pi of 2 mM C0CI2 was added to the
cell suspension to increase tumbling frequency. Inability to respond to C0CI2 (a tumbling
response mediated by Tar) suggested that the cellular proton motive force was too low to
support flagellar rotation and therefore, a fresh cell suspension was prepared.
c. Temporal Assays of Taxis to Other Chemoeffectors
The temporal assay of taxis to serine and aspartate was used to determine the
functions of Tsr and Tar (Mesibov et al., 1973). Cells were washed and resuspended in
chemotaxis buffer as described above. Nine microliters of diluted bacterial suspension
was placed onto a slide and the prestimulus behavior was observed under a dark-field
microscope. One microliter of a serine or aspartic acid stock solution (100 pM) was
quickly mixed with the cell suspension and response to 10 pM serine or aspartate was
measured.
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F. UV Sensitivity Assay
To confirm the loss of the recA activity, the BT3340 strain (aer:2-Kan Atsr-7021
/^{tar-tap)5201 trgv.TnlO recAwcat, Table 1) was assayed for sensitivity to UV light. Both
the parental strains (BT3339 and BW10724, Table 2.1) were used as positive controls.
Each strain was grown at 37°C to OD6oo = 0.4 to 0.5 and diluted 105 fold with LB
medium. One milliliter of each diluted strain was plated on ten selective LB plates (50
pg/ml chloramphenicol for strain BT3340 and BW10724, 50 pg/ml kanamycin for strain
BT3339) with approximately 2 to 5 x 102 cells per plate. Each plate was exposed to UV
light at 0 to 4,000 pJ with increments of 1,000 pJ in an UV Stratalinker 2400 (Stratagene)
in a dark room. The plates were then covered loosely with aluminum foil and incubated
overnight at 37°C in the dark. The number of vegetative colonies on each plate was
counted and compared.
G. Bioinformatic Tools for Sequence and Structure Analysis
Several bioinformatic programs were utilized to study protein sequences that are
similar to Aer. The amino acid sequence of the full-length Aer or a portion of Aer was
subjected to Basic BLAST (Basic Local Alignment Search Tool) and/or PSI-BLAST
(Position Specific Interacted-BLAST) searches provided by the National Center for
Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/). Similar sequences
were inspected for accuracy and redundancy by eye, and were subsequently retrieved
from the protein databases using Entrez. Multiple sequence alignments and phylogenetic
trees were generated using CLUSTAL X. The consensus positions were calculated using
Consensus and the putative transmembrane regions were predicted using DAS as
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described below. For sequences without an available 3D structure, their secondary
structures were predicted by Jpred and PSIpred.
All the programs used in this study were available online free of charge. Most of
these programs can be accessed from the online resource page of Department of
Microbiology and Molecular Genetics at Loma Linda University
(http://www.llu.edu/llu/medicine/micro/graduate/resources.htm). Below is a brief
description of each program. For details on the commonly used online bioinformatic
tools, the reader is referred to Bulloch (1999).
1. Entrez
Entrez (http://www.ncbi.nlm.nih.gov/Entrez/) provides integrated access to the
biomedical literature (PubMed), nucleotide and protein sequences, complete and
incomplete genomes, three-dimensional protein structures, and data sets of population
sequences (PopSet). It allows the users to retrieve information in these databases by
inquiring with a gene or protein name, function, accession number, author’s name,
journal name, and other keywords. In a search, Entrez provides a list of related
sequences and structure neighbors, as well as related articles that can be easily accessed.
The sequences can be displayed in a variety of output formats for different purposes. The
3D structure, along with its related sequences, can be viewed with Cn3D (“see in 3D”,
http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.html) provided by ENTREZ. In
addition to visualization of the known crystal structures, the user can import additional
sequences to map the conserved residues onto the 3D structure and view 3D
superposition to identify structurally conserved regions or observe interactions with other
ligands (Hogue, 1997; Wang et al., 2000).
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2. BLAST Search
BLAST is a similarity search program designed to analyze all available DNA or
protein sequence databases using the statistical methods of Karlin and Altschul (1990,
1993). The BLAST server (http://www.ncbi.nlm.nih.gov/BLAST/) is composed of five
programs, blastp, blastn, blastx, tblastn, and tblastx, for searching at either nucleotide or
protein levels. The basic BLAST Search contains the parameters in default settings,
whereas Advanced BLAST Search allows the user to adjust the parameters to meet
certain requirements.
One of the most important parameters in a BLAST search is the Expected value (Evalue), which determines the significance of sequence similarities. E-value is defined as
the number of hits that is expected merely by random chance in searching a database
(Altschul and Koonin, 1998). The lower the E-value, the more similar the sequences are.
The default setting of the E-value in Basic BLAST search is 0.01.
BLAST also employs several filters that eliminate segments of the query sequence
that have low compositional complexity as determined by the SEG program (Wootton
and Federhen, 1996), or segments consisting of short-periodicity internal repeats as
determined by the XNU program (Claverie, 1993). Filtering can eliminate statistically
significant but biologically uninteresting reports (e.g., hits against common acidic-,
basic-, or proline-rich regions), leaving the more biologically interesting regions of the
query sequence available for specific matching against database sequences. A low
complexity sequence found by a filter program is displayed as NNNNNNNN (for
nucleotide sequence) or XXXXXXXX (for amino acid sequence).
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By performing a BLAST search, one can identify similar nucleotide or protein
sequences, and thereby predict a possible function of a newly sequenced DNA fragment
or protein. Putative domains or motifs of a protein can be roughly predicted by clustering
of different hits on the graphical representation. It should be noted that some proteins
might have no matched sequence with low E-value. However, similar domains or motifs
may be identified if the sequence of interest is dissected to small pieces as queries for
BLAST searches.
3. BLAST2 Sequences - Pairwise Sequence Comparison
BLAST2 (http://www.ncbi.nlm.nih.gov/gorf/bl2.html) is used for fine comparison of
overlaps or minor differences between two sequences (Tatusova and Madden, 1999).
This program is particularly useful for comparing similarity of two sequences or for
checking the results of site-directed mutagenesis.
4. PSI-BLAST Search
The PSI-BLAST search (http://www.ncbi.nlm.nih.gov/cgi-bin/BLAST/nph-psi_blast)
was designed for detecting subtle, but statistically significant similarities by iterating the
search using a position-dependent profile (Altschul et al, 1997). It can uncover the
protein relationships that are not detectable by a regular BLAST search. PSI-BLAST
search first compares the query sequence with the protein database using the gapped
BLAST program and generates a multiple sequence alignment. The patterns of
conservation in the alignment form the basis of a position-specific profile that is
subsequently used for comparison with the protein databases to identify new similar
sequences. The patterns of the new multiple alignment create a new profile, which is
again used to perform a new search. The procedure is iterated until convergence, when
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no new statistically significant sequences are detected. The default cutoff of the E-value
in PSI-BLAST is 0.001, which is highly conservative.
The PSI-BLAST search is a powerful tool for identifying biologically significant
sequences. However, the iterative procedure may also amplify errors, and therefore, its
use requires more caution and expertise than the use of BLAST search. The major error
results from the presence of highly biased amino acid composition within the protein
sequences (Wootton and Federhen, 1996). By default, PSI-BLAST filters out most
biased regions of query sequences (e.g., myosin or collagen) using the SEG program. A
user can also apply other filtering procedures, such as COILS to detect the coiled-coil
regions (Lupas, 1996), prior to a search. Careful inspection on the resulting sequences is
necessary for identifying the biases and evaluating the biological significance.
5. CLUSTAL X - Multiple Sequence Alignment and Phylogenetic Tree
CLUSTAL X is a downloaded program for multiple sequence alignment that is
available at http://www-igbmc.u-strasbg.fr/BioInfo/ClustalX/ (Jeanmougin et al., 1998;
Thompson et al., 1997). Based on the algorithm of CLUSTAL W (Thompson et al.,
1994), CLUSTAL X has several new features. The color scheme of the amino acids in
the output alignment can be changed and the low-scoring segments or exceptional
residues can be highlighted. The quality of the alignment is displayed as a plotted line
underneath the alignment with the height of the peaks representing the levels of
conservation in the corresponding positions. CLUSTAL X also allows the user to
rearrange the order of the alignment, delete sequences from the alignment, or select a
block of the sequences to be realigned. Furthermore, CLUSTAL X can generate
phylogenetic trees to elucidate evolutionary relationships based on the multiple sequence
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alignment, using the Neighbor-Joining (NJ) method (Saitou and Nei, 1987). In addition
to a standard NJ tree generated by default, a bootstrapped NJ tree that uses a statistical
method to determine confidence values on the tree can be created. The length of the
branches is drawn in proportion to sequence divergence to show the distances of the
sequences. The chances for the sequences to be related over 1000 bootstrap replicates
can be labeled as needed. In our studies, a value of >500 is considered significant {i.e..
more than 50% confidence of the sequences to be related).
The multiple alignment generated by CLUSTAL X can be exported as a PostScript
file and viewed using GSview (http://www.cs.wisc.edu/~ghost/gsview), which allows the
colored alignment appearing on the screen to be printed by a PostScript printer or to be
saved as an Encapsulated PostScript (EPS) format. The phylogenetic tree can be viewed
and printed using NJplot as supplied by the CLUSTAL X distribution package or by
Treeview (http://taxonomy.zoology.gla.ca.uk/rod/treeview.html). To obtain an EPS
format of the phylogenetic tree, one can save the tree as a graph using the Treeview
program and then import the graph into FreeHand for further edition.
It should be noted that the input sequences for CLUSTAL X must be in the PASTA
format with one sequence in a line and saved as a “text only” file on the desktop.
CLUSTAL X is not designed for aligning sequences that do not share common ancestry
or for aligning a set of short fragments to a single reference sequence.
CLUSTAL X can be performed on a variety of platforms including Microsoft
Windows® on the IBM compatible Personal Computers, Macintosh PowerMac, SUN
Solaris, IRIX5.3 on Silicon Graphics, Digital UNIX on DECstations, and Linux ELF for
x86 PCs.
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6. Consensus
Located at http://www.bork.embl-heidelberg.de/Alignment/consensus.html, this
program is used to generate a consensus from a multiple sequence alignment in either a
CLUSTAL or MSF format. The user can change the threshold from 50 to 100% in an
increment of 5% and modify the groupings of amino acids as needed. In our studies,
arginine (R) and lysine (K) were deleted from the hydrophobic group, whereas
methionine (M) was added as an aliphatic residue to the default setting.
7. DAS - Transmembrane Region Prediction
DAS (Dense Alignment Surface method, (Cserzo et al., 1997)) is used to predict the
transmembrane regions in protein sequences, particularly those from prokaryotes, for a
better understanding of the topology of the proteins. The output curve contains two
cutoffs (2.2 and 1.7) to represent a strict and a loose criterion. The DAS server is located
at http://www.biokemi.su.se/~server/DAS.
8. Jpred2 and PSIpred - Secondary Structure Prediction
Jpred2 (http://circinus.ebi.ac.uk:8888/submit.html. Cuff et al, 1998) and PSIpred
V2.0 (http://insulin.brunel.ac.uk/psipred, Jones, 1999) are two of the best methods for
predicting secondary structures of protein sequences. Jpred2 employs the Jnet algorithm
and gives an average Q3 score (mean prediction accuracy) of 72.9%. In addition to single
sequences, Jpred also accepts aligned or unaligned multiple sequences. The PSIpred
method incorporates two feed-forward neural networks, which perform an analysis on
output obtained from a PSI-BLAST search. Version 2.0 of PSIpred includes a new
algorithm that further increases the accuracy of prediction. PSIpred V2.0 is capable of
achieving an average Q3 score of nearly 78%. According to the EVA web site
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(Evaluation of Automatic Protein Structure Prediction, http://maple.bioc.columbia.edu/
eva/sec/res sec.html) at Columbia University, Jpred2 gives an average accuracy of 74.2%
among 268 tested proteins and PSIpred offers an average accuracy of 76.3% on 329
proteins. Note: The most popular program for secondary structure prediction, PHD
(http://www.embl-heidelberg.de/predictprotein/ predictprotein.html; Rost, 1996), has an
accuracy of 71.7%.
9. SMART - Identification of Signaling Domains
SMART (simple modular architecture research tool, http://www.bork.emblheidekberg.de/Modules/sinput.shtml) was constructed to allow rapid, automatic
identification and annotation of signaling domain sequences (Schultz et al, 1998). The
SMART database includes almost all the currently identified signaling domain families.
To reduce redundancy, the first multiple alignment only includes a single sequence from
every branch of the phylogenetic tree that is generated by the homologous sequences.
From the alignment, a profile is derived and used for iteration of searches in the databases
until convergence. With new DNA and protein sequences deposited in different
databases daily, SMART updates its database accordingly by screening the daily updated
sequences for the presence of the known signaling domains. One can search the SMART
database with a protein sequence or the name of a signaling domain. In the output result,
a graphical display shows the domain architectures of the sequences, and the links to
PubMed and ENTREZ provide easy access to information relating sequence, homology,
structure, function, and literature. Intrinsic features, such as coiled-coil regions, low
complexity regions, and transmembrane regions, are also annotated. The PAS domain,
HAMP domain, and the chemotaxis signaling domain (includes MH1, HCD, and MH2,
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designated as an “MA” domain in this database) that are discussed in this dissertation are
all included in the SMART database.
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CHAPTER THREE
RESULTS
A. The Aer Linker Region Is Required for FAD Binding and Aerotaxis Signaling.
1. Cysteine Substitution Analysis of Unique Residues in the Aer Linker Region
The chemoreceptors in E. coli and S. Typhimurium share many amino acid residues
in the linker region (Fig. 3.1). Therefore, it is expected that the linker regions in these
proteins have the same function, namely, transducing the transmembrane signals to the
signaling domain (Butler and Falke, 1998). Aer, in contrast to the chemoreceptors, is
proposed to have a unique topological structure (Fig. 1.4) that allows the N terminus to
be in close proximity to the C terminus. The C terminus of Aer contains two methylation
helices and a signaling domain that are homologous to those of the chemoreceptors
(Rebbapragada et al., 1997). However, most identical residues found in the linker region
of the chemoreceptors in E. coli and S. Typhimurium were not present in Aer (Fig. 3.1).
This sequence variability might contribute to the functional diversity of the linker regions
in different receptors. Therefore, we postulated that the unique residues in the Aer linker
region might mediate interaction with the PAS domain and transduce signals to the Cterminal signaling domain.
Based on this hypothesis, unique residues in the Aer linker region were selected for
site-directed mutagenesis (Fig. 3.1). Residues mediating the inter-domain interaction
were expected to yield nonaerotactic (null) mutants that could be subjected to second-site
suppressor analysis for studying protein-protein interaction (see Section H of this
chapter). In this study, I replaced the amino acids with cysteine because the side chain of
cysteine can be either hydrophobic or hydrophilic, thereby changing the properties of the
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Fig. 3.1. Sequence alignment of the linker regions of Aer (residues 205 to 265) and the chemoreceptors of E. coli and
S. Typhimurium. Conserved residues are highlighted. Hydrophobic residues (ACFGILMPVWY) are in black and
o

4^

polar residues (DEHKNQRST) are in white. Asterisks indicate residues identical in all seven proteins. Residues
essential for protein functions are shown in bold. The residues in Aer selected for cysteine substitution are indicated
with arrows. Arg235 of Aer is shown in bold.
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substituted residues without significantly altering the structure. Moreover, cysteinesubstituted mutations can be used for cysteine scanning and solvent exposure analyses to
determine the secondary structure of the Aer linker region and the packing of a receptor
dimer or a higher-ordered complex, if present.
Six unique residues in the linker region, Arg227, Glu231, Arg235, Asp237, Thr242,
and Gly250 (Fig. 3.1), were mutated to cysteine by site-directed mutagenesis. The
template for mutagenesis was pAVR2, which expressed an Aer2-506 protein fused with a
His6X-tag at the N terminus (Table 2.1; Repik et al, 2000). Each mutation was verified
by automated DNA sequencing, followed by transformation into E. coli BT3312 cells
(Aner Etsr, Table 2.1) to examine the phenotype.
One of these mutations, R235C, completely abolished the aerotactic responses (Fig.
3.2). In addition, when the AerR235C mutant protein was overexpressed by induction
with 1 mM IPTG, no augmentation of the FAD level was detected in the membrane
fraction of the cells, in contrast to an increase in FAD as observed when the wild type
Aer protein was overexpressed (Fig. 3.3). This result suggests that this single amino acid
mutation in the Aer linker region interfered with the FAD-binding ability of the PAS
domain, supporting a model of interaction between these two segments. Cysteine
replacement might have eliminated the positive charge of the arginine side chain, and
thereby impaired the protein function. To investigate whether the positive charge of
Arg235 is necessary for function, the plasmid containing the wild type aer gene or the
aerCys235 mutation was mutated to lysine (positively charged) or glutamic acid
(negatively charged). Both the AerR235K and C235K mutants resurrected
approximately 50% of the wild type activity in BT3312 cells (Fig. 3.2). By contrast,
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Fig. 3.2. Response time to an increased or decreased oxygen concentration by the
site-specific HAMP domain mutant proteins. All the plasmids were transformed into
E. coli BT3312 cells for aerotaxis temporal assays.

The wild-type Aer protein

expressed in the plasmid vector pProEX HTa had a response time to an oxygen
increase of over 150 s and a response time to oxygen decrease of 26.6 ± 3.0 s. R235C
completely abolished aerotactic responses. Replacement of Arg235 by glutamic acid
(R235E or C235E) also knocked out activity, but the lysine substitution (R235K or
C235K) partially restored aerotaxis. The E226C, D237C, G240C and G250C mutants
exhibited attenuated aerotactic responses. NR = no response.
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Fig. 3.3. Ratio of FAD content in the membrane fractions of the aer mutant strains under induced versus
uninduced conditions.

Each plasmid was expressed in E. coli BT3312 (Aaer Afcr) cells.

pAVR2

contains the wild-type aer gene (Repik et al., 2000) and was used as a positive control in each assay.
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Cells containing the expression vector, pProEX HTa, was used as a negative control. FAD content was
measured as described in Materials and Methods (Section D.3). FAD contents in the induced and
uninduced samples were compared. Data reflect average ratio ± standard deviations. An average ratio of
about 1.2 or less is defined as no FAD binding. Asterisks denote P value <0.01.
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AerR235E or C235E yielded an inactive protein. In addition, the AerR235E mutant
protein did not bind FAD (Fig. 3.3). It follows that a positive charge at position 235 is
essential for aerotaxis signaling. Arg235 might interact directly with the FAD moiety, or,
more likely, interact with a negative charge in the PAS domain or the FI region to
stabilize the protein conformation for FAD to bind. The lysine mutants did not fully
restore the protein activity, possibly because arginine and lysine are different in the
length of their side chains.
Among other cysteine substitutions, the AerD237C and G250C mutants diminished
aerotactic responses (Fig. 3.2), whereas the remaining mutations had no impact on
protein function (data not shown). Hence, those amino acids are either unessential for
protein function or essential but cysteine replacement did not significantly altered their
properties.
2. FAD-binding to the Truncated N-terminal Aer Constructs
I cloned a truncated aer fragment encoding Aer residues 2 to 231 into the pProEX
HTa vector at the Ehel-Pstl site to generate pQH7 (Fig. 2.1). The BT3312/pQH7
transformants did not exhibit aerotactic responses because of the lack of the C-terminal
signaling domain. When expressed in a Atsr strain (RP5882, Table 2.1), this truncated
protein inhibited the Aer-mediated aerotactic responses by 30 to 40% (data not shown).
This result suggested that the His6XAer2-23i polypeptide was properly folded and could
compete with the native Aer protein in interaction with either the component(s) of the
electron transport chain or the C terminus of Aer. Surprisingly, His6XAer2-23i did not bind
FAD (Fig. 3.3), suggesting that the presence of an intact N terminus, along with the TM
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region and part of the linker region of Aer, was insufficient for FAD association. FAD
binding might require an additional element.
A second truncated construct expressing His6XAer2-285 (pQHIO, Fig. 2.1) retained
FAD binding (Fig. 3.3) by exhibition of a sharp absorption peak at 450 nm corresponding
to the spectrum of FAD upon induction. This construct included the entire linker region
in addition to the fragment encoded by pQH7. The FAD content in the BT3312/pQH10
strain was very high upon induction (about 3000 pmol/mg of membrane proteins) as
compared with that of BT3312/pAVR2 cells (up to 1200 pmol/mg of membrane
proteins). This possibly resulted from a high level of expression of the His6XAer2-285
polypeptide since SDS-PAGE and Western blot assays constantly revealed that
His6XAer2-285 elevated the level of expression relative to the wild type Aer protein for an
unknown reason (Fig. 3.4.A, B).
Overall, these results suggested that the segment between residues 232 and 285 was
required for FAD to bind. The Arg235 residue that was essential for FAD binding was
also located in this segment. These data were consistent with the findings of Bibikov et
al. (2000) that Aeri.259 does not bind FAD but Aeri-298 contains the FAD cofactor. In
their study, two point mutations, E238K and L249F, in the Aer linker region also
abolished FAD binding. Based on these observations, I established that the Aer linker
region was involved in FAD binding to the PAS domain. There are several possible ways
by which the linker region could achieve this function. For example, it might interact
with the PAS domain and/or the FI region to stabilize the protein conformation for FAD
to bind, and thereby receive signals from the N terminus; or it could interact directly with
the FAD moiety. Moreover, the linker region might affect the global folding of the Aer
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Fig. 3.4. Expression of the truncated Aer proteins in E. coli BT3312
cells. A. Tris-Tricine SDS-polyacrylamide gel stained with coomassie
blue. B. Western Blot using the anti-His6xAer2.166 antiserum to detect
the N terminus of Aer (Repik et al., 2000). The His6xAer2.285 mutant
protein encoded by pQHIO expressed at a very high level upon
induction. Therefore dimers of this mutant protein and its breakdown
products were visible because of the limited reductive activity of the
mercaptoethanol added. The His6xAer2_506 mutant protein encoded by
pAVR2 yielded large amounts of breakdown products ranging from 30
to 50 kDa. C. Western Blot using INDIA™ HisProbe-HRP to detect
the N-terminal His6x-tag. The His6x -tag retarded protein mobility by 510 kDa. The apparent size of each protein is: His6xAer2 -506 (pAVR2),
65 kDa; His6xAer2.231 (pQH7), 32 kDa; His6xAer2.285 (pQHIO), 41 kDa;
His6xAer, 67-506 (pQH3), 43 kDa; His6xAerj 22-506 (pQH9), 50 kDa.
indicates no induction, “+” indicates induction with 0.6 mM IPTG.
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protein. In this dissertation, extensive analyses were carried out to investigate the
mechanism by which the Aer linker region is involved in aerotaxis signaling and FAD
binding.
B. The PAS Domain Might Stabilize the Structure of the Aer Linker Region.
Two constructs lacking the Aer N-terminal segments were also generated. The
parental plasmid pAVR2 contained an Ehel restriction site at the 5' end of the aer gene.
An additional Ehel site was introduced into the aer gene behind the codon for residue
159 or 121 by site-directed mutagenesis using primers 159EheEI and 121EheEI
(Appendix I). The DNA fragment encoding Aeri6o-506 or Aeri22-506 in the pProEX HTa
vector was released by £7zeI-digestion and isolated by agarose gel purification. Each
fragment was then re-ligated to generate plasmid pQH3 or pQH9 (Fig. 2.1). Surprisingly,
no protein band with the expected size was observed in BT3312 cells transformed with
either plasmid (Fig. 3.4A, C). Nevertheless, both constructs could express in the E. coli
XL 1-Blue cells (Fig. 3.4A, C). The wild type Aer protein expressed by pAVR2 in
BT3312 cells exhibited several degraded bands ranging from 30 to 50 kDa in size (Fig.
3.4B), corresponding to the size of breakdown products cleaved within and behind the
Aer linker region. The yield of breakdown products was significantly reduced when
pAVR2 was expressed in the E. coli BL21 strain, which lacks the Ion and ompT ATP
dependent protease genes, or the XL 1-Blue train (J. Edwards and B. Taylor, personal
communication). One explanation for these observations is that both truncated Cterminal constructs were degraded in strain BT3312, which is wild type for protease
activities, and the protein accumulated in the XL 1-Blue strain, which apparently lacks
certain protease activities. Because XLl-Blue is a proprietary strain, we are unable to
115

verify the genotype. The results implicated that, in the absence of the PAS domain, the
structure of the linker region was susceptible to proteolysis, supporting the model of
interaction between the linker region and the PAS domain.
C. Identification of the HAMP Domain in Sensory Proteins of the Three Domains of
Life
Extensive in silico studies were carried out to gain a better understanding of the role
of the Aer linker region in aerotaxis signaling. I searched the amino acid sequence of the
Aer linker region (residues 205 to 285) against the nonredundant protein database using
the blastp program (http://www.ncbi.nlm.nih.gov/BLAST/). Four identified proteins
contained sequences similar to the Aer linker region (E value <0.1). These include TLPA
and MCPB of Bacillus subtilis, Trg of E. coli, and a Gl/S regulator of Emericerlla
nidulans.
I carried out a PSI-BLAST search to determine if more proteins contained sequences
with similarities to the Aer linker region. The PSI-BLAST search is more sensitive than
the basic BLAST search in identifying homologous sequences (Altschul et al, 1997). It
performs a basic BLAST search at the first step and then generates multiple alignment of
the retrieved sequences. A position-specific profile of the conserved residues is derived
from the sequence alignment and used to compare with the protein database to retrieve
new similar sequences. This procedure is iterated until convergence when no new
sequence with statistically significant similarities is detected. In this study, the search
was iterated eight times until convergence and 246 sequences derived from 204 proteins
from archaea, eubacteria, and eukaryotes were found to be similar to the Aer segment
between residues 208 to 273 (E value <0.001, Fig. 3.5, Appendix II). Among all these
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Fig. 3.5. Multiple sequence alignment of representative HAMP domains. Consensus (85%) is indicated beneath the
alignment. The conserved residues are highlighted. Abbreviations: h, hydrophobic (ACFGILMPVWY); 1, aliphatic
(ILMV); p, polar (DEHKNQRST); s, small (ACDGNPSTV). Residues essential for protein functions are shown in
bold. Predictions of secondary structures are beneath the consensus. H/h denotes an a-helix, C/c denotes a coil, and
E/e denotes a p-strand. Lower case indicates PSIpred prediction with an expected accuracy lower than 70%. Arrows
above the alignment indicate the Aer residues selected for cysteine substitutions. See Table 3.1 for species information.
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proteins, 70 were predicted methyl-accepting chemoreceptors and 120 were putative
histidine kinases (Table 3.1). Approximately 70% of the known chemoreceptors
contained this conserved fragment. A few other types of sensory proteins such as two
adenylyl cyclases that possessed a membrane topology similar to the typical
chemoreceptors were also identified. I further confirmed this result by PSI-BLAST
searches using the linker sequence of the E. coli Tar chemoreceptor and the H. salinarium
phototaxis transducer, Htrl. Previous genetic studies on the Tsr chemoreceptor (Ames
and Parkinson, 1988) and the EnvZ histidine kinase of E. coli (Jin and Inouye, 1994; Park
and Inouye, 1997), the Tar chemoreceptor of S. Typhimurium (Butler and Falke, 1998),
and the Htrl transducer (Jung and Spudich, 1998) indicate that their linker regions are
involved in signal transduction. Consequently, we proposed that the conserved linker
sequence was a signal transduction domain of the identified sensory proteins.
An independent PSI-BLAST search by Aravind and Ponting (1999) using the amino
acid residues 180 to 234 of EnvZ of E. coli as a query also identified this conserved
segment in 200 proteins (E value <0.01), most of which were included in my PSI-BLAST
search results. Since 119 of the proteins identified by Arvind and Ponting are histidine
kinases, eight are adenylyl cyclases, 66 are MCPs, and one is a PP2C-type
serine/theronine phosphatase, they renamed the linker region a “HAMP” domain.
The HAMP domains that I defined were approximately 60 residues in length, but
could range from 50 to 80 residues due to varying deletions and insertions. Previously,
this segment was thought to be always present distal to the last TM region (Singh et al..
1998). However I found that a number of the HAMP domains were not adjacent to the
TM regions (Table. 3.1, Fig. 3.6), suggesting that their functions may not be restricted to
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Table 3.1. Proteins containing the linker region/HAMP domains
Protein

Species (Subdivisions
are in parentheses)

Function

No. of
HAMP

No. of Location of the HAMP domain
TM “
relative to the TM regions

Accession
Number h

A. Methyl-accepting chemotaxis proteins (MCPs)

to

o

MCPA

Agrobacterium tumefaciens

Unknown

1

0

3153186

TlpCl

Archaeoglobus fulgidus

Unknown

1

0

2649560

TlpC2

A. fulgidus

Unknown

1

0

2649548

MCPA

Bacillus subtilis

Unknown

1

2

Immediately after 2nd TM

730002

MCPB

B. subtilis

Unknown

1

2

Immediately after 2nd TM

730003

MCPC

B. subtilis

Unknown

1

2

Immediately after 2nd TM

2633766

TLPA

B. subtilis

Unknown

1

2

Immediately after 2nd TM

730958

TLPB

B. subtilis

Unknown

1

2

Immediately after 2nd TM

730959

TLPC

B. subtilis

Unknown

1

2

Immediately after 2nd TM

730960

YoaH

B. subtilis

Unknown

1

1

Immediately after TM

2619023

Z99121

B.s subtilis

Unknown

1

2

Immediately after 2nd TM

2635882

MCP2

Borrelia burgdorferi

Unknown

1

2

Immediately after 2nd TM

2688522

MCPA

Caulobacter crescentus

Unknown

1

2

90 amino acids after 2nd TM

94570

CPS

Clostridium thermocellum

Unknown

1

2

Immediately after TM

729201

MCP

Desulfovibrio gigas

Unknown

2

2

1st HAMP immediately after 2nd TM

4235392

DcrH

Desulfovibrio vulgaris

Unknown

1

2

Immediately after 2nd TM

887858

Tas

Enterobacter aerogenes

Aspartate chemoreceptor

i

2

Immediately after 2nd TM

148350

Tse

E. aerogenes

Serine chemoreceptor

1

2

Immediately after 2nd TM

126848

Aer

Escherichia coli

Aerotaxis transducer

1

2

Immediately after 2nd TM

1789453

Tsr

E. coli

Serine chemoreceptor

1

2

Immediately after 2nd TM

148077

N>

Protein

Species (Subdivisions
are in parentheses)

Function

No. of
HAMP

No. of Location of the HAMP domain
TM a
relative to the TM regions

Accession
Number b

Tar

E. coli

Aspartate chemoreceptor

1

2

Immediately after 2nd TM

145521

Trg

E. coli

Ribose and galactose receptor

1

2

Immediately after 2nd TM

1061063

Tap

E. coli

Dipeptide receptor

1

2

Immediately after 2nd TM

2506839

Htrl

Halobacterium halobium

Phototaxis transducer

2

2

1st HAMP immediately after 2nd TM

421715

Htrl

Halobacterium salinarium

Phototaxis transducer

2

2

1st HAMP immediately after 2nd TM

2648028

Htrll

H. salinarium

Phototaxis transducer

2

2

1st HAMP immediately after 2nd TM

3023997

HtrlV

H. salinarium

Chemo- or phototaxis transducer

2

2

1st HAMP immediately after 2nd TM

1435131

HtrV

H. salinarum

Chemo- or phototaxis transducer

1

3

65 amino acids after 2nd TM

3913879

HtrVI-1

H. salinarum

Chemo- or phototaxis transducer

2

2

1st HAMP immediately after 2nd TM

4104485

HtrVI-2

H. salinarum

Chemo- or phototaxis transducer

2

2

1st HAMP immediately after 2nd TM

1435134

HtrVIII

H. salinarium

Aerotaxis transducer

1

6

70 amino acids after 6th TM

3015619

HtC

H. salinarum

Unknown

2

2

1st HAMP immediately after 2nd TM

1654423

HtD

H. salinarum

Unknown

2

2

1st HAMP immediately after 2nd TM

1654425

HtF

H. salinarum

Unknown

1

2

Immediately after 2nd TM

1654427

Htl

H. salinarum

Unknown

1

2

70 amino acids after 2nd TM

1621047

MCP

Helicobacter pylori J99

Unknown

1

2

Immediately after 2nd TM

4154603

TlpB

H. pylori 26695

Unknown

1

2

Immediately after 2nd TM

2313186

DifA

Myxococcus xanthus

Unknown

1

1

Immediately after TM

3342523

Htrll

Natronomonas pharaonis

Phototaxis transducer

1

2

Immediately after 2nd TM

1170417

PctA

Pseudomonas aeruginosa

Chemoreceptor for amino acids

1

2

Immediately after 2nd TM

2626835

PctB

P. aeruginosa

Chemoreceptor for amino acids

1

2

Immediately after 2nd TM

2626836

PctC

P. aeruginosa

Chemoreceptor for amino acids

1

2

Immediately after 2nd TM

2626833

Pill

P. aeruginosa

Unknown

1

2

14 amino acids after 2nd TM

540959

m

to

Protein

Species (Subdivisions
are in parentheses)

Function

No. of
HAMP

No. of Location of the HAMP domain
TM a
relative to the TM regions

Accession
Number h

NahY

Pseudomonas putida

1

2

Immediately after 2nd TM

4235480

MCPA

Pyrococcus horikoshii

Aromatic hydrocarbon
naphthalene taxis
Unknown

2

2

1st HAMP immediately after 2nd TM

3256896

MCPB

P. horikoshii

Unknown

1

2

Immediately after 2nd TM

3258290

MCPA

Rhizobium leguminosarum

Unknown

2

2

1st HAMP immediately after 2nd TM

780656

MCPB

R. leguminosarum

Unknown

1

2

80 amino acids after 2nd TM

2564665

MCPC

R. leguminosarum

Unknown

1

2

1st HAMP precedes 2nd TM, 2nd
2665910
HAMP is 40 amino acids after 2nd TM

MCPD

R. leguminosarum

Unknown

1

2

80 amino acids after 2nd TM

1764196

RlvCP

R. leguminosarum

Unknown

2

2

1st HAMP immediately after 2nd TM

1684743

Y4Si

Rhizobium sp. NGR234

Unknown

2

2

1st HAMP immediately after 2nd TM

2182623

Y4FA

Rhizobium sp. NGR234

Unknown

2

3

1st HAMP immediately after 2nd TM

2497833

MCPA1

Rhodobacter capsulatus

Unknown

2

1

1st HAMP immediately after TM

3128262

MCPA2

R. capsulatus

Unknown

1

2

100 amino acids after 2nd TM

1066850

MCPA3

R. capsulatus

Unknown

2

2

1st HAMP immediately after TM

3128282

MCPB

R. capsulatus

Unknown

1

2

190 amino acids after 2nd TM

2126471

MCPA

Rhodobacter sphaeroides

Unknown

1

1

340 amino acids after TM

2126486

Tar

Salmonella typhimurium

Aspartate chemoreceptor

1

2

Immediately after 2nd TM

1170886

Tcp

S. typhimurium

Citrate/phenol chemoreceptor

1

2

Immediately after 2nd TM

421247

MCPA

Synechocystis sp.

Unknown

2

2

1st HAMP immediately after TM

1652103

Pill

Synechocystis sp.

Unknown

1

2

Immediately after 2nd TM

1652276

Tsr

Synechocystis sp.

Unknown

1

2

400 amino acids after 2nd TM

1001300

MCP

Treponema denticola

Unknown

1

2

Immediately after 2nd TM

2914132

MCPA

T. denticola

Unknown

1

2

Immediately after 2nd TM

2352917

Protein

Species (Subdivisions
are in parentheses)

Function

No. of
HAMP

No. of Location of the HAMP domain
TM a
relative to the TM regions

Accession
Number h

MCPB

T. denticola

Unknown

1

1

Immediately after TM

1805311

Mcp-2

Treponema pallidum

Unknown

1

1

Immediately after TM

2367665

AcfB

Vibrio cholerae

Colonization factor

1

2

Immediately after 2nd TM

431739

HlyB

V. cholerae

Hemolysin release

1

3

Immediately after 2nd TM

2190531

IvilV

V. cholerae

Unknown

1

0

1165182

B. Two-component sensory histidine kinases/response regulators
ChvG

A. tumefaciens

Virulence regulation

1

2

Immediately after 2nd TM

625685

HepK

Anabaena sp.

Synthesis of heterocyst envelope

1

2

Immediately after 2nd TM

1546076

HksP3

Aquifex aeolicus

Unknown

1

4

Immediately after 4th TM

2983429

AE000990

A.fulgidus

Unknown

1

2

Immediately after 2nd TM

2648931

NtrY

Azorhizobium caulinodans

Nitrogen fixation and metabolism

1

4

Immediately after 4th TM

77479

GtcS

Bacillus brevis

Unknown

1

2

Immediately after 2nd TM

468746

RESE

B. subtilis

Aerobic and anaerobic respiration

1

3

Between 2nd and 3rd TMs

2634746

YbdK

B. subtilis

Unknown

1

2

Immediately after 2nd TM

2632487

YclK

B. subtilis

Unknown

1

2

Immediately after 2nd TM

2632677

YirC

B. subtilis

Unknown

1

1

Immediately after TM

2623997

YkoH

B. subtilis

Unknown

1

2

Immediately after 2nd TM

2632046

YrkQ

B. subtilis

Unknown

1

2

Immediately after 2nd TM

1303716

YvqB

B. subtilis

Unknown

1

2

Immediately after 2nd TM

2635799

YvqE

B. subtilis

Unknown

1

2

Immediately after 2nd TM

2832820

YycG

B. subtilis

Unknown

2

2

1st HAMP immediately after 2nd TM

2636587

RisS

Bordetella avium

Intracellular survival

1

2

Immediately after 2nd TM

3288087

RagB

Bradyrhizobium japonicum

Unknown

1

4

Immediately after 2nd TM

1834376

rro

Protein

Species (Subdivisions
are in parentheses)

Function

No. of
HAMP

BvrS

Brucella abortus

Control of virulence

1

RisS

Bordetella bronchiseptica

Resistance to oxidative stress,
production of acid phosphatase,
and in vivo persistence

1

2

Immediately after 2nd TM

3288085

IRLS

Burkholderia pseudomallei

1

2

Immediately after 2nd TM

2245589

CaSLNl

Candida albicans

Invasion of eukaryotic cells and
heavy-metal resistance
Osmolarity sensor

1

2

60 amino acids after 2nd TM

2911162

Nik IP

C. albicans

Osmolarity sensor

4

0

DvnK

Carnobacterium divergens

Unknown

1

2

Immediately after 2nd TM

3849846

PhoR

Clostridium acetobutylicum

Unknown

1

2

Immediately after 2nd TM

3025461

QrsA

Coxiella burnetii

Unknown

1

2

Immediately after 2nd TM

1093607

EnvZ

Enterobacter cloacae

Osmolarity sensor

1

2

Immediately after 2nd TM

2623214

VAN SB

Enterococcus faecalis

1

2

Immediately after 2nd TM

2500765

ExpS

Envinia carotovora

Control of vancomycin B-type
resistance
Control of virulence factors

1

2

Immediately after 2nd TM

2463029

RpfA

E. carotovora

Unknown

1

2

Immediately after 2nd TM

2073556

BarA

E. coli

Adaptive responses

1

1

Immediately after TM

1805580

BASS

E. coli

Unknown

1

2

Immediately after 2nd TM

478429

BaeS

E. coli

Unknown

1

2

Immediately after 2nd TM

1736799

CopS

E. coli

Unknown

1

2

Immediately after 2nd TM

4062194

CpxA

E. coli

Unknown

1

2

Immediately after 2nd TM

416838

CreC

E. coli

Catabolite regulation

1

3

Immediately after 3 rd TM

117436

EnvZ

E. coli

Osmolarity sensor

1

2

Immediately after 2nd TM

1070662

NarQ

E. coli

Nitrate sensor

1

2

Immediately after 2nd TM

1788812

NarX

E. coli

Nitrate and nitrite sensor

1

2

Immediately after 2nd TM

127840

4-

No. of Location of the HAMP domain
TM "
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Number h
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3851457
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Accession
Number b

ORFf460

E. coli

Unknown

1

2

Immediately after 2nd TM

1033145

PcoS

E. coli

Copper sensor

1

2

Immediately after 2nd TM

619133

RstB

E. coli

Unknown

1

3

Immediately after 2nd TM

1742648

TorS

E. coli

Expression of the trimethylamine
N-oxide reductase genes

1

2

Immediately after 2nd TM

1122856

YEDV

E. coli

Unknown

1

2

Immediately after 2nd TM

2500767

YFHK

E. coli

Unknown

1

2

Immediately after 2nd TM

1788908

YgiY

E. coli

Unknown

1

2

Immediately after 2nd TM

1789403

FIK

Fusarium solani f. sp. pisi

Unknown

6

0

YgiY

Haemophilus influenzae

Unknown

1

2

Immediately after 2nd TM

1574561

AE001453

Helicobacter pylori J99

Unknown

1

2

Immediately after 2nd TM

4154652

HK

H. pylori 26695

Unknown

1

0

AF049873

Lactococcus lactis

Unknown

1

2

Immediately after 2nd TM

3687664

HK

Lactococcus lactis cremoris

Unknown

1

2

Immediately after 2nd TM

2182996

LlkinA

L. lactis cremoris

Unknown

1

2

Immediately after 2nd TM

2182835

Hpk3

Lactobacillus sakei

Unknown

1

2

Immediately after 2nd TM

4104603

Hpk31

L. sakei

Unknown

1

2

Immediately after 2nd TM

4104606

Hpk48

L. sakei

Unknown

1

2

Immediately after 2nd TM

4104609

MxbD

Methylobacterium extorquens

Oxidation of methanol

1

2

Immediately after 2nd TM

1161055

MxcQ

Methylobacterium organophilum Methanol dehydrogenase synthesis 1

2

Immediately after 2nd TM

1586734

Z99494

Mycobacterium leprae

Unknown

1

2

Immediately after 2nd TM

2440113

MtrB

Mycobacterium tuberculosis

Unknown

1

2

Immediately after 2nd TM

2072712

PhoR

M. tuberculosis

Unknown

1

2

Immediately after 2nd TM

1550636

4097445

2313251

^

Protein
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Rv0601c

M. tuberculosis

Unknown

1

2

Immediately after 2nd TM

2222757

Rv0902c

M. tuberculosis

Unknown

1

3

Immediately after 2nd TM

1731396

Rv0982

M. tuberculosis

Unknown

1

2

Immediately after 2nd TM

2916943

Rv1320c

M. tuberculosis

Unknown

1

6

Immediately after 6th TM

1340086

Rv3764c

M. tuberculosis

Unknown

1

2

Immediately after 2nd TM

2960188

TrcS

M. tuberculosis

Unknown

1

2

Immediately after 2nd TM

2665495

SasS

M. xanthus

1

2

Immediately after 2nd TM

2739133

Niki

Neurospora crassa

Early developmental gene
expression
Hyphal development

6

0

HepK

Nostoc punctiforme

Unknown

1

2

Immediately after 2nd TM

4336932

MoxY

Paracoccus denitrificans

Methanol utilization

1

3

Immediately after 3rd TM

420803

YCF26

Porphyra purpurea chloroplast

Unknown

1

3

Immediately after 3 rd M

2147536

EnvZ

Proteus vulgaris

Unknown

1

2

Immediately after 2nd TM

2623218

KinB

P. aeruginosa

Unknown

1

2

Immediately after 2nd TM

2352098

LemA

P. aeruginosa

Unknown

1

2

Immediately after 2nd TM

2623815

NarX

P. aeruginosa

Nitrate and nitrite sensor

1

2

Immediately after 2nd TM

2765451

PFES

P. aeruginosa

Expression of the ferric
enterobactin receptor (pfeA)

1

2

Immediately after 2nd TM

479632

PirS

P. aeruginosa

Unknown

1

2

Immediately after 2nd TM

2981052

ApdA

Pseudomonas fluorescens

Production of antifungal antibiotics 1

2

Immediately after 2nd TM

939724

ColS

P. fluorescens

Root-colonizing ability

1

2

Immediately after 2nd TM

1729784

CopS

Pseudomonas synngae

Copper resistance

1

2

Immediately after 2nd TM

420852

LemA

P. syringae

Unknown

1

3

Immediately after 3 rd TM

281611

PheN

Pseudomonas tolaasii

Unknown

1

2

Immediately after 2nd TM

808104

Accession
Number h
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RtpA

P. tolaasii

Tolaasin and extracellular
protease production

1

2

Immediately after 2nd TM

3953516

CZCS

Ralstonia eu trapha

1

2

Immediately after 2nd TM

1403128

PopQ

R. leguminosarum

Cobalt, zinc, and cadmium
homeostasis
Control of high affinity iron
uptake system

1

2

Immediately after 2nd TM

2120819

ExoS

Rhizobium meliloti

Succinoglycan production

1

2

Immediately after 2nd TM

2564745

EnvZ

Rickettsia prowazekii

Osmolarity sensor

1

2

Immediately after 2nd TM

3860983

NtrY

R. prowazekii

Nitrogen regulation

1

4

Immediately after 4th TM

3861157

RssA

Riftia pachyptila endosymbiont

Unknown

1

2

Immediately after 2nd TM

2218094

SLN1

Saccharomyces cerevisiae

Control of osmosensing MAP
kinase cascade

1

2

140 amino acids after 2nd TM

626311

CopS

Salmonella dublin

Unknown

1

3

Immediately after 2nd TM

3511130

EnvZ

Salmonella typhi

Unknown

1

2

Immediately after 2nd TM

541207

TctE

S. typhi

Unknown

1

1

Immediately after TM

2961075

BASS

S. typhimurium

Adaptation in the host

1

2

Immediately after 2nd TM

538803

PGTB

S. typhimurium

Control of the inducible phosphoglycerate transport system

1

3

Immediately after 1st TM

585671

SilS

S. typhimurium

Unknown

1

2

Immediately after 2nd TM

4206625

SpiR

S. typhimurium

Virulence regulator

1

2

Immediately after 2nd TM

1498305

EnvZ

Shigella flexneri

Unknown

1

2

Immediately after 2nd TM

2623212

CsrS

Streptococcus pyogenes

Hyaluronic acid capsule synthesis

1

2

Immediately after 2nd TM

3599372

AFQ2

Streptomyces coelicolor

Unknown

1

2

Immediately after 2nd TM

216984

AL020958

S. coelicolor

Unknown

1

2

Immediately after 2nd TM

2687344

AL022268

S. coelicolor

Unknown

1

2

Immediately after 2nd TM

2995292

Accession
Number h
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AL023496

S. coelicolor

Unknown

1

2

Immediately after 2nd TM

3127845

AL031155

S. coelicolor

Unknown

1

2

Immediately after 2nd TM

3367759

AL031182

S. coelicolor

Unknown

1

2

Immediately after 2nd TM

3395538

AL034446

S. coelicolor

Unknown

1

2

Immediately after 2nd TM

4007712

CseC

S. coelicolor

Unknown

1

2

Immediately after 2nd TM

3980224

HK

S. coelicolor

Unknown

12

0

X86780

Streptomyces hygroscopicus

Rapamycin biosynthesis

1

2

Immediately after 2nd TM

987096

CUTS

Streptomyces lividans

Regulation of copper metabolism
and Repression of actinorhodin
biosynthesis

1

2

Immediately after 2nd TM

1279725

DSPA

Synechocystis PCC6803

Drug sensory protein

1

3

Immediately after 3 rd TM

2507379

ICFG

S. PCC6803

Cross-regulation of inorganic
carbon And glucose metabolism

1

2

Immediately after 2nd TM

1652735

D64006

Synechocystis sp.

Unknown

1

0

HK1

Synechocystis sp.

Unknown

1

2

Immediately after 2nd TM

1653308

HK2

Synechocystis sp.

Unknown

1

1

Immediately after 1st TM

1652968

RpfC

Xenorhabdus campestris

Synthesis of extracellular
enzymes and polysaccharide

1

4

Immediately after 4th TM

95021

EnvZ

Xenorhabdus nematophilus

Osmolarity sensor

1

2

Immediately after 2nd TM

602402

RpfC

Xanthomonas oryzae

Virulence factor synthesis

1

2

Spans 2nd TM

1360642

EnvZ

Yersinia enterocolitica

Osmolarity sensor

1

2

Immediately after 2nd TM

3402275

ORF20

Yersinia pestis

Nitrate and nitrite sensor

1

2

Immediately after 2nd TM

4106588

Adenylate cyclase

1

2

Immediately after 2nd TM

2126532

to
00

Accession
Number b

3294236

1001334

C. Other proteins
CYAA

Anabaena cylindrica

to
vo

Accession
Number b

Protein

Species (Subdivisions
are in parentheses)

Function

No. of
HAMP

No. of Location of the HAMP domain
TM “
relative to the TM regions

U60011

A. tumefaciens

Unknown

2

2

1st HAMP immediately after 2nd TM

1381805

AE000758

Aquifex aeolicus

Unknown

1

2

Immediately after 2nd TM

2984121

AF1503

A. fulgidus

Unknown

1

2

Immediately after 2nd TM

2649073

Spr

Feline infectious peritonitis virus Peplomer (S) protein

1

1

Precedes TM

975637

Rvl318c

M. tuberculosis

Unknown

1

6

Immediately after 6th TM

1722968

Rvl319c

M. tuberculosis

Unknown

1

6

Immediately after 6th TM

1722969

Rv2435c

M. tuberculosis

Unknown

1

2

Immediately after 2nd TM

1666149

Rv3645

M. tuberculosis

Unknown

1

4

Immediately after 4th TM

2105049

AL023093

M. leprae

Unknown

1

1

Immediately after TM

3097240

Pel

Pseudomonas viridiflava

Pectate lyase

1

1

Immediately after TM

463195

D90916

Synechocystis sp.

Unknown

1

2

Immediately after 2nd TM

1653750

J04195

Synechocystis sp.

Unknown

1

2

Immediately after 2nd TM

1196949

AC

Treponema pallidum

Adenylate cyclase

1

2

Immediately after 2nd TM

3322767

TP0854

T. pallidum

Unknown

1

3

Immediately after 3rd TM

3323169

a Transmembrane (TM) region is predicted with the DAS program.
b The accession number is for the GenBank database.

Fig. 3.6. Domain architecture of representative HAMP domain-containing proteins. Aful: Archaeoglobus
fulgidus, Cere: Caulobacter crescentus, Ecol: Escherichia coli, Hsal: Halobacterium salinarium,
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Ncva:Neurospora crassa, Seer: Saccharomyces cerevisiae
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transmembrane signaling. The distance from the HAMP domain to the adjacent TM
region varied greatly in different membrane-bound proteins (Table 3.1). Although a
majority of the HAMP domains were proximal to a TM region, those of 10
chemoreceptors and two histidine kinases were present approximately 40 to 400 amino
acids beyond the TM region. The HAMP domain was also found in 10 soluble proteins,
including MCPA of Agrobaterium tumefaciens, TlpCl and TlpC2 of Archaeoglobus
fulgidus, IcilV of Vibrio cholerae, Nik-1 of Neurospora crassa, Nik Ip of Candida
albicans, FIK of Fusarium solani f sp. pisi, and putative histidine kinases of
Streptomyces coelicolor, Synechocystis sp., and Helicobacter pylori 26695. Seventeen
chemoreceptors and one histidine kinase contained two copies of HAMP domain with the
first HAMP domain joining to the end of a TM region. Interestingly, Nik-1, Niklp, FIK,
and a putative histidine kinase of S. coelicolor had multiple repeats of the HAMP domain
at the N-terminal end without evidence of a putative sensory domain (Table 3.1, Fig. 3.6).
The Jpred2 and PSIpred programs predicted that the HAMP domain of the
chemoreceptors was composed of two helical segments separated by a coil (Fig. 3.5). A
tiny p-strand was suggested within the coiled region but this might not be significant
because of its short length (3 to 4 residues). Since many amino acid residues in the Aer
HAMP domain differed from those of the chemoreceptors, it would not be a surprise if
the secondary structure of the Aer HAMP domain differs from that of other HAMP
domains. When I mapped the residues of the Aer HAMP domain on helical wheels, three
amphipathic segments with different orientations of their hydrophobic/hydrophilic faces
was evident (Fig. 3.7). The first segment contained 27 amino acid residues (residues 207
to 233) that spanned 7.5 turns of an a-helix. It included the amphipathic sequence
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Fig. 3.7. Three putative amphipathic segments of the Aer HAMP domain revealed by mapping the residues
on helical wheels. The hydrophobic residues are shown in bold and the hydrophilic residues are in italics
within the helical wheels.
u>

Mutations that abolished aerotactic responses or inverted the responses are

indicated outside of the helical wheels.

Arrows on the top of the helical wheels show the common

orientation of the helices. The two amphipathic sequences of the Tar HAMP domain on the top are
underlined, spaced by a fragment of undetermined secondary structure (Butler and Falke, 1998).
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(residues 210 to 225) that was identified previously as a topological determinant for the
TM region (Rebbapragada et al., 1997). It also contained the segment corresponding to
the fragment with an undefined secondary structure in the Tar HAMP domain (Butler and
Falke, 1998). The second putative amphipathic helix (residues 234 to 251) was
correlated with the second amphipathic helix of the Tar HAMP domain (Butler and
Falke, 1998), although most of the residues between these two sequences were not
conserved. The C terminus of the Aer HAMP domain comprised another amphipathic
segment (residues 252 to 270) that joined to MH1. Taken together, the Aer HAMP
domain might consist of three segments with distinct amphipathic orientations. These
three segments could form a continuous helix or be separated by two loops.
D. The Overexpressed Aer HAMP Domain Fragment Inhibited Aer-mediated Aerotaxis.
As proposed above, the Aer HAMP domain was required for FAD binding and
aerotaxis signaling, possibly by interacting directly with the PAS domain. To determine
if the HAMP domain could interact with the PAS domain or another component in the
signal transduction pathway, I cloned a PCR product encoding the residues 209 to 285 in
the Ehel-Pst\ site of pProEX HTa. The resulting plasmid pQH8 (Fig. 2.1) was
introduced into RP5882 cells (aer+ Atsr, Table 2.1) and its effect on Aer-mediated
aerotactic responses was examined with an aerotaxis temporal assay. When the peptide
was induced with 1 mM IPTG, the cells exhibited diminished responses to an increase
and decrease in oxygen concentrations (Fig. 3.8). The magnitude of these responses was
approximately 60 to 70% that of the same strain without induction or of the control
strains lacking the Aer209-285 construct. These results suggested that the overexpressed
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Fig. 3.8.

Effect of an overexpressed HAMP domain fragment on Aer-mediated

aerotactic responses. The plasmid pQH8 (Aer209-285) or pProEX HTa (vector) was
transformed into E. coli RP5882 (Ator) cells. Cells were grown to ODeoo = 0.20 to
0.25 and then induced with 1 mM IPTG to mid-log phase prior to aerotaxis temporal
assays. * denotes P < 0.01.

136

f

120
100

S 80
(U

E
I-

60

0)

40

O

20

t/>

CL

j

T

T

a:

increase

WB
tiMXt.

'm
» i.
,

::
. ■■

C/)

0)

b oxygen

I □ oxygen decrease

0
-20
-40
pProEX
no IPTG

pProEX with
1 mM IPTG

pQH8
no IPTG

<

137

pQH8 with
1 mM IPTG

HAMP domain fragment could act as a dominant negative mutation by competing with
the HAMP domain of wild type Aer. Overexpression of this fragment appeared not to
affect the functions of other chemoreceptors of E. coli since RP437 cells (wild type,
Table 2.1), when transformed with pQH8, formed normal serine and aspartate rings on
tryptone swarm plates supplemented with 100, 200, or 500 pM IPTG (data not shown).
Therefore, the inhibition effect by the HAMP domain fragment occurred exclusively in
the Aer-mediated aerotactic pathway. This supports the hypothesis that the HAMP
domain is capable of mediating protein-protein interaction with the N terminus of Aer or
the HAMP domain of another Aer monomer within a dimer.
In my previous studies, the R235C mutation in the HAMP domain of Aer abolished
FAD binding in the PAS domain. To determine if the Arg235 residue was involved in
interaction between the HAMP domain and another peptide, a R235C mutation was
generated in the Aer209-285 fragment carried by pQH8 with site-directed mutagenesis.
When the construct was overexpressed in RP5882 cells, no significant reduction in the
aerotactic responses was observed in a temporal assay (data not shown), suggesting that
the R235C mutation might have abolished the ability of the Aer209-285 fragment to interact
with its counterpart. Alternatively, since this mutated polypeptide had a reduced level of
expression as revealed by a Western blot assay (data not shown), it might not produce
sufficient copies for interfering with the signaling pathway.
E.

Isolation of Single Amino Acid Mutations in the Aer HAMP Domain

1. Cysteine Substitutions of the Conserved Residues
Single amino acid mutations in the HAMP domains of several sensory proteins could
impair the protein function. A study by Jung and Spudich (1998) showed that the Htrl
138

transducer in H. salinarium uses its HAMP domain to interact with sensory rhodopsin I
(SRI) for transmitting external signals to its cytoplasmic signaling domain. Among the
residues of Htrl that mediate interaction with SRI, Arg84 was located in the same
position as Arg235 of Aer (Fig. 3.5). By contrast, glycine was always found in this
position in other sensory proteins that possess a periplasmic sensory domain flanked by
two TM regions. The Gln218, Lys221, and Val222 residues of Aer are conserved to the
residues of Htrl that are responsible for protein-protein interaction (Fig. 3.5). To obtain
single amino acid mutations in the Aer HAMP domain for second-site suppressor
analysis to study the inter-domain interactions, I also mutated these three residues to
cysteine by site-directed mutagenesis. Furthermore, Glu226 and Leu239 of Aer were
also mutated to cysteine because they were aligned to two essential residues (Asp234 and
Ile247) of the Tar HAMP domain (Fig. 3.5, Butler and Falke, 1998). Nevertheless, none
of the five cysteine-replaced mutants abolished the protein activity as shown by the
succinate swarm plate, capillary, and temporal assays. The AerE226C mutant reduced
the duration of responses to changes in oxygen concentration (Fig. 3.2), whereas other
Aer mutants (Q218C, K221C, V222C, and L239C) retained the wild type activity (data
not shown).
2. PCR Random Mutagenesis
Because site-directed cysteine substitution failed to generate new null mutations in
the Aer HAMP domain, random mutagenesis using PCR under low-stringency conditions
was employed to create point mutations for structure-function analysis. PCR
mutagenesis utilizes the “error-prone” Taq DNA polymerase to randomly generate
predominantly transition mutations (purine to purine or pyrimidine to pyrimidine) and
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some transversions (purine to pyrimidine, and vice versa) (Cadwell and Joyce, 1992;
Leung, 1989). As a result, a variety of mutations of nearly all the residues in the Aer
HAMP domain were expected.
Several PCR conditions for generating single-base mutations within approximately
200-bp PCR fragments in other studies (Cadwell and Joyce, 1992; Fromant et al, 1995;
Jung and Spudich, 1998; Leung, 1989) produced multiple mutations in the 230-bp PCR
products in my case. Subsequently, the protocol was modified to ten cycles of the “errorprone” PCR in the presence of 0.05 mM MnCfr, followed by 20 cycles of high-fidelity
PCR amplification without MnCL (see Materials and Methods). This method was able to
produce single-base mutations in the 230-bp PCR fragments as shown by automated
DNA sequencing.
A library of the DNA fragments containing a variety of point mutations in the Aer204281

fragment was generated and ligated to the rest of the aer gene expressed in the

pTrc99A vector (pQH16, Fig. 2.1). The mutant constructs were electroporated into E.
coli BT3312 cells (kaer ktsr). Over 1,000 transformants were transferred individually
with toothpicks to succinate swarm plates for phenotype analysis. Colonies with
swarming patterns different from BT3312/pGHl (wild type aer. Table 2.1) cells were
tested for protein expression by Western blot assays using the anti-His6XAer2-i66 antiserum
(Repik et al, 2000). Mutations causing a deletion, addition, and nonsense mutation in
the Aer HAMP domain would produce proteins with sizes smaller than that of the wild
type Aer protein. Plasmids from the colonies expressing full-length Aer proteins were
isolated for DNA sequencing to ascertain the mutations responsible for the aberrant
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phenotypes. Each plasmid was then electroporated into BT3312 cells again to verify the
phenotype by succinate swarm plate, capillary, and aerotaxis temporal assays.
On succinate swarm plates, BT3312 cells with pGHl formed a truncated cone-shaped
swarm with an aerotactic ring on the bottom of the colony (Fig. 3.9A; Bibikov et al.,
1997; Rebbapragada et al, 1997). Nearly 15% of the tested colonies exhibited Aer
deficiency by forming a cylinder-shaped swarm without showing an aerotactic ring.
resembling the phenotype of BT3312 cells (Aaer ktsr). Following phenotype
characterization, protein expression assays, and DNA sequencing, 14 Aer mutants of
independent origin were identified. These were G225E, V230D, E238G, L239Q, L239R,
L241P, Q248R, L249P, D259H, V260A, S262G, V264M, S265P, and S271R. However,
the aerotactic ring was recovered when cells bearing the aerG225E or E238G plasmid
were induced with 50 pM to 1 mM IPTG by a succinate swarm plate assay (data not
shown), suggesting that their null phenotype might be a result of low expression of these
two mutant proteins. The remaining Aer null mutants did not recover aerotaxis upon
induction. Interestingly, the V264M mutant formed a smaller swarm size than other
HAMP domain null mutants (Fig. 3.9A) and the size decreased further on the swarm
plates containing IPTG (Fig. 3.9B). Under a dark field microscope, the
BT3312/AerV264M cells were found to tumble constantly when they were exposed to
the air. The cells did not form an aerotactic band in a capillary assay. An aerotaxis
temporal assay revealed that the cells had a strong inverted response to an increase or
decrease in oxygen concentration, i.e., cells suppressed tumbling when the microchamber
was perfused with pure nitrogen but tumbled instantly when 21% oxygen was perfused
into the microchamber. This observation explains the finding on the succinate swarm
141

Fig. 3.9. Phenotypes of different HAMP domain mutants on succinate
swarm plates. Each plasmid was transformed into BT3312 cells for
swarm plate assays. A. On plates without IPTG, cells with pGHl
(wild-type aer) form a truncated cone-shaped colony with a bottom
ring. Cells containing plasmids carrying the null Aer mutants form
cylinder-shaped colonies without a ring. The V264M mutant exhibits
a small cylinder-shaped colony without ring.

The super swarmers

display large swarm size with a sharp ring on the bottom. B. On plates
with 100 pM IPTG, the swarm size of the V264M mutant shrinks.
IPTG has no effect on the null mutants.
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plate because the migration of motile bacteria in semi-soft agar is dependent upon the
tumbling frequency. Cells with an tumbling bias spread slowly in agar because they
change direction frequently but hardly move ahead.
A novel phenotype was also observed on succinate swarm plates. It involved 18
independent Aer mutations: P21 IS, V215A, A216V, K221E, V222A, A223V, T224P,
E226V, V230A, E231Y, D237E, G240E, G247R, Q248L, S261L, V264A, S266C, and
E272G. These mutants formed large swarming sizes with sharp aerotactic rings on
succinate swarm plates and therefore, were named “super swarmers” (Fig. 3.9A).
Compared with the wild type control, the bottom of the super swarming colonies spread
much further, forming a truncated cone shape with the slope gentler than that of the wild
type strain.
F. FAD Binding and Expression of the HAMP Domain Null Mutants
1. FAD Binding to the Aer Protein with Null Mutations
The Aer HAMP domain null mutants were assessed for their abilities to bind FAD as
described in Materials and Methods (Section D.3). Cells transformed with pGHl were
used as a positive control. FAD levels in the induced and uninduced cells of each strain
were compared. Six Aer mutants, V230D, L239Q, L239R, L241P, Q248R, and L249P,
did not show an increased FAD level after protein overproduction (Fig. 3.10). The
HAMP domain mutations in these mutants might interfere with FAD binding to the PAS
domain in a manner similar to the AerR235C or R235E mutant. The AerD259H, V260A,
S262G, and S265P mutants exhibited increases in the FAD levels upon induction (Fig.
3.10), suggesting that they perturbed aerotaxis by means other than interference with
FAD binding.
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Fig. 3.10. Ratio of FAD content in the Aer HAMP domain null mutants under induced versus uninduced
conditions. FAD content was measured in Strain BT3312 {kaer ktsr). The V230D, L239Q, L239R,
L241P, Q248R, L249P mutants have an average ratio of FAD of <1.2, indicating no FAD binding to the
-t-

mutant Aer proteins. The D259H, V260A, S262G, and S265P mutants have average ratios over 1.2,
indicating that they retained the FAD-binding ability. * denotes significant difference from the positive
control (pGFil, P < 0.01).
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2. Protein Expression of the Mutant Aer Proteins
Expression of the mutant proteins in the cytoplasmic membrane was examined by
Western Blot using the crude or adsorbed anti-His6XAer2-i66 antisera. In the uninduced
condition, the V230D, L239Q, L239R, L241P, Q248R, L249P, and V260A mutations
lowered expression of the mutant Aer proteins in comparison with the wild type Aer
protein encoded by pGHl (Fig. 3.11 A). On the contrary, the AerD259H, S262G, S265P,
and S271R mutant proteins expressed at a normal level. All the mutants defective in
FAD binding had decreased Aer expression, raising the possibility that the low protein
expression led to the null phenotype. However, this was excluded because these mutants
could not restore aerotaxis signaling and FAD binding even when the mutant Aer
proteins were overexpressed by induction with varying concentrations of IPTG. Upon
induction, all the mutants expressed at a similar level as pGHl except for AerL239Q and
L241P, which expressed at lower levels but these were believed to be sufficient to show
an increased level of FAD content if the mutant Aer protein bound FAD (Fig. 3.1 IB).
The defect in protein expression was due to the Aer HAMP domain mutations rather
than an unknown mutation in the expression vector as confirmed by several experiments.
First, I subcloned a BstBl-Sacl fragment containing the L239Q mutation (nonaerotactic,
low expression) in the HAMP domain in the BstBl-Sacl site of the plasmid containing the
aerV264M mutation (inverted response, normal expression). Protein expression and
aerotactic responses of this construct resembled those of the AerL239Q mutant which
donated the mutated HAMP domain, but not those of the AerV264M mutant which
provided the plasmid vector plus the rest of the aer gene (Fig. 3.12). Second, a Smal-SaB
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Fig. 3.11. Expression of the Aer HAMP domain null mutants. A. Western blot of the whole cell
extracts under uninduced condition using the adsorbed anti-His6xAer2.166 antiserum. B.) Western
GO

blot of the membrane fractions under induced condition (1 mM IPTG) using the crude antiHis6xAer2.,66 antiserum. The AerV230D and R235E mutant proteins were expressed by the pProEX
HTa vector. Other mutant proteins were expressed by the pTrc99A vector.
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Fig. 3.12. Expression of the subcloned HAMP domain mutants. pTrc:aerL239Q'l was cloned by inserting a
BstBl-Sacl fragment of the plasmid containing the L239Q mutation (pTrc:<zerL230Q) in the Aer HAMP
domain in the BstBl-Sacl site of the plasmid with the V264M mutation (pTrc:aerR235E). pTrc:aerL239Q,2 or
pTrc:aerR235E' was cloned by inserting a Smal-Sall fragment of the plasmid containing the HAMP domain
mutation in the Smal-Sall site of pGHl (wild type aer). The plasmids were transformed into E. coli BT3312
O

(ISaer tesr) cells and grown to OD600 «0.8 without induction. Cell lysate of 75 pi culture was analyzed by
SDS-PAGE and Western Blot using the adsorbed anti-His6xAer2.166 antiserum. The three subcloned HAMP
domain mutants expressed poorly, resembling the BT3312/pTrc:aerL239Q or R235E strain but not the
BT3312/pGHl and BT3312/pTrc:aerV264M strains. This suggests that the single amino acid mutations,
L239Q and R235E, are responsible for the lowered levels of the Aer protein expression.

tri

fragment encoding Aer residues 122 to 506 from the pTrc:«erL239Q or
pProEX:aerR235E plasmid was subcloned in the Smal-SaR site of pGHl (wild type aer).
The levels of Aer protein expression were significantly decreased in BT3312 cells
transformed with the new constructs (Fig. 3.12). Neither did these mutants respond to
changes in oxygen concentration (data not shown). Furthermore, normal expression was
resumed by the low expressing AerR235C mutant when Cys235 was mutated to lysine
(C235K, data not shown). Taken together, these results suggested that the lower levels of
the Aer protein in the AerL239Q, R235E, and R235C mutants were not caused by other
mutations in the plasmids, but rather by the point mutations in the Aer HAMP domain.
3. Expression of the Mutant aer Genes
Gene expression in the mutant strains that had low protein expression was determined
by RT-PCR. An equal amount of total RNA (100 ng or 200 ng) isolated from E. coli
BT3312 cells transformed with pGHl {aer+), pTrc::aerL241P, pTrc::aerL249P, or
pTrc99A (vector) was used as the template for RT-PCR as described in Materials and
Methods. Fig. 3.13 shows that the levels of gene expression in strains containing the wild
type or mutant aer gene were very similar. There was no significant discrepancy in gene
expression compared to the observed differences in protein expression between these
strains, suggesting that the observed differences in protein levels were posttranscriptional. Presumably, the point mutation altered the conformation of the Aer
HAMP domain and/or the PAS domain, thereby making the protein susceptible to
proteolysis in vivo.
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Fig. 3.13. RT-PCR of the aer gene in strains with null mutations in the
HAMP domain. E. coli BT3312 strain (£aer Atsr) was transformed
with plasmid containing aer (pGHl, positive control), vector
(pTrc99A, negative control), aerL241P, or <2erL249P. Total RNAs of
each strain were isolated with the RNeasy® Midi Kit (Qiagen Inc.,
Valencia, CA) and purified with the DNA-free™ DNase Treatment and
Removal Reagents (Ambion, Inc., Austin, TX).

RT-PCR was

performed using the GeneAmp® gold RNA PCR Reagent kit (PE
Biosystems, Foster City, CA) as described in Materials and Methods.
Reaction of each sample without the reverse transcriptase was
performed as a systems control. Ten microliters of each reaction was
loaded on a 2% agarose-TAE gel for electrophoresis.
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G. Characterization of the Super Swarmers
The mechanism of formation of the “super swarms” on succinate semi-soft agar
plates was investigated. Measurement of the growth curves of the super swarmer mutants
suggested that it was not caused by fast growth of the cells since the super swarmers
appeared to grow at a rate similar to that of the wild type control (data not shown).
In a capillary assay, a majority of the super swarmers formed bands closer to the
meniscus than the wild type control (Fig. 3.14A), suggesting that they might favor higher
oxygen concentrations. A few mutants might prefer low oxygen concentrations because
their bands were far away from the meniscus. The AerA223V and Q248L mutants
formed very sharp bands within 3 min in contrast to an average of 10 min required by the
wild type strain. Suprisingly, the AerE231Y mutant did not form an aerotactic band
within 1 h of observation.
The aerotaxis temporal assays revealed that most of the super swarmers reduced the
response time to an oxygen increase or decrease (Fig. 3.14B). All the super swarmers
exhibited random motility with no obvious change in the tumbling frequency, indicating
that signaling by the mutant Aer protein was not locked in the signal-on or signal-off
conformation.
Most of the super swarmers retained the phenotypes on succinate swarm plates
supplemented with 100 pM IPTG that caused overexpression of the mutant proteins.
However, the AerV215A and A216V mutants restored wild type aerotactic rings upon
induction, indicating that their reduced responses might be due to lowered levels of
protein expression. E226V and E231Y lost aerotactic rings with induction and E226V
formed a tiny swarming size.
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Fig. 3.14. Aerotaxis behavior of the super swarmers. Plasmids were
expressed in BT3312 (daer &sr) cells.

Cells from the designated

strains were grown to OD600 = 0.40 to 0.45 and aerotaxis was measured
by the (A) capillary assay and (B) temporal assay as described in
Materials and Methods. A. Distance from the aerotactic band to the
meniscus in a capillary assay. The BT3312/AerE231Y mutant strain
did not form aerotactic band during an 1-h period of observation. *
denotes P value <0.1. B. Duration of response to an increase (0 to
21%) or decrease (21 to 0%) in oxygen concentration in a temporal
assay.

The BT3312/AerS261L mutant strain did not adapt to an

increase in oxygen concentration within 150 s of observation.
denotes P value < 0.01.
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The Aer super swarmers did not influence the chemotactic responses mediated by Tsr
and Tar since the sizes of the swarms and the patterns of the rings were similar to those of
the wild type strain on tryptone swarm plates with or without 20 pM IPTG (data not
shown).
The decreased aerotactic responses could be a result of low protein expression. In a
Western blot assay, the AerP21 IS, V215A, A216V, V230A, and D237E mutants, which
formed bands farther away from the meniscus than the wild type strain, exhibited low
levels of expression (data not shown). This is consistent with the observation that the
band formed by cells containing the wild type Aer protein migrated closer to the
meniscus as the level of Aer expression increased. However, all the super swarmers
forming aerotactic bands close to the meniscus expressed the same level as Aer expressed
by pGH 1, indicating that their phenotypes are not a result of altered protein expression.
The AerE231 Y mutant significantly diminished aerotactic responses (Fig. 3.14B) and did
not form an aerotactic band. This mutation is likely to destabilize protein structure
because it increased the susceptibility of the mutant protein to proteolysis (data not
shown) and it might also form inclusion bodies upon induction.
H. Investigation of Inter-domain Interaction by Second-site Suppressor Analysis
Allelic suppression analysis by a second-site suppressor is a powerful tool to
determine protein-protein interaction at the molecular level (Liu and Parkinson, 1991). If
a physical interaction between two proteins is required for function, a defect in one
protein that disrupts the interaction may be functionally suppressible by a compensating
alteration of the other protein (Fig. 3.15). Therefore, in the case of Aer, if signal
transduction is achieved by stereo-specific contact between the PAS and HAMP domains,
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Fig. 3.15.

Mechanism of second-site suppressor analysis of the Aer protein. Primary

mutation and second-site suppressor are indicated by arrows.
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then a collection of mutations in one domain that interfere with aerotaxis would include
several mutations with defects in the interactions. This perturbation in function could be
further suppressed by compensatory changes in the other domain. For example, if an
interaction between a positively-charged and a negatively-charged amino acid residue is
necessary for function, replacement of the positively charged residue by a hydrophobic
amino acid will interfere with aerotaxis signaling by eradicating the salt bridge.
However, once the negative charge of the second residue is mutated to a hydrophobic
side chain, interaction between the two residues might be restored and the protein
function recovered. Mutations of the two interacting residues are named a “primary
mutation” and a “second-site suppressor”.
1. Development of the Method for Selecting the Aerotactic Revertants
An efficient selection method is required for second-site suppressor analysis to
distinguish aerotactic revertants from a large population of the nonaerotactic cells.
Bibikov and Parkinson found that cells lacking all the chemoreceptors formed an
aerotactic ring on a tryptone swarm plate when aer was overexpressed in the cells
(personal communication). Based on this finding, a selection method for aerotactic
revertants using tryptone swarm plates was developed. The aer gene in the chromosome
of strain HCB339 (Ater Atar ktrg htap. Table 2.1) was inactivated by allelic exchange to
generate strain BT3339 in which the aer gene was interrupted by a kanamycin cassette
(Table 2.1), and the recA gene was further knocked out by M. Brandon in the laboratory
using PI transduction. The resultant strain BT3340 (Table 2.1) showed a higher motality
rate than that of its parental strains BT3339 or BW10724 (recA+) when the cells were
exposed to 3,000 or 4,000 pi of UV light (data not shown). Compared with BT3339,
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BT3340 significantly reduced the incidence of homologous recombination between the
plasmid and the defective chromosomal aer gene (data not shown).
pGHl (wild type aer) and pTrc99A (vector) were electroporated into BT3340 cells,
respectively. On tryptone swarm plates supplemented with 20 pM IPTG and 100 pg/ml
ampicillin, the BT3340/pGHl cells swarmed out following the oxygen gradient and
formed an aerotactic ring at the outer edge. The BT3340/pTrc99A cells stayed at the site
of inoculation as a result of a smooth bias caused by the deficiencies in the
chemoreceptors. The BT3340/pGHl colonies could be distinguished from the
BT3340/pTrc99A cells by formation of blebs with a sharp outer ring when a mixture of
these two strains were inoculated on a tryptone plate with IPTG (Fig. 2.2A). This method
was sensitive enough to discriminate one aerotactic colony from 2 to 4 x 107
nonaerotactic colonies (data not shown).
2. Selection of the Spontaneous Aerotactic Revertants
The plasmid containing the Aer HAMP domain null mutation V230D, R235E,
L239Q, L239R, Q248R, D259H, or V260A, generated by PCR random mutagenesis was
transformed into BT3340 (ktsr Atar Atrg Atap aer:2-Kan recAwcat) cells and a total of 2
to 8 x 108 cells of each strain were examined for reversion in aerotaxis. The majority of
cells did not swarm, resembling the phenotype of BT3340/pTrc99A. Two types of blebs
were observed, with the majority having a fuzzy edge without ring but a few blebs
exhibiting a sharp edge with an outer ring (Fig. 2.2B). Plasmids from several blebs of
both types were isolated and electroporated into the BT3312 and BT3340 strains. In both
strains, plasmids from the ring-forming blebs restored aerotaxis, whereas those from the
blebs without ring did not swarm out, similar to the phenotype of BT3340/pTrc99A. This
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suggested that the blebs without the ring might contain mutations in the chromosome of
the cell because the swarming ability was not transferable by the plasmids. Under the
microscope, these cells displayed a random motility. Therefore, I reasoned that they were
not truly aerotactic revertants but rather chromosomal mutations at the levels between the
CheA histidine kinase and the switch of the flagellar motor that changed the tumbling
frequencies. The ring-lacking blebs were excluded from the studies. Only the ring
forming blebs were aerotactic revertants that contained either intragenic second-site
suppressors or backward reversions of the primary mutations (i.e., reversion to the wild
type sequence) that were caused by homologous recombination between the plasmid and
the inactivated chromosomal aer gene or by selective pressure. We investigated
reversion of the primary HAMP domain mutation by sequencing the gene segment
encoding the HAMP domain using primer Pro 186. Second-site suppressors were
identified by sequencing the remaining portions of the aer gene using primers “Reverse
1” and “Signal”. It should be noted that some aerotactic blebs might be contaminated
with the switch mutants since they swarmed out at the same speed. Therefore, cells from
a single bleb must be restreaked on a selective LB plate to isolate single colonies, and
several colonies of each strain tested on tryptone agar plates with 20 pM IPTG to confirm
their phenotypes prior to further analyses.
I isolated nine spontaneous aerotactic revertants, one from R235E, four from L239Q,
and four from V260A. The frequency of spontaneous reversion was approximately 1.1 to
o

c

4.5 x 10" for these three strains, in contrast to a frequency of ~10‘ before the recA gene
was knocked out from strain BT3339. However, eight revertants were reversion of the
primary mutation to the wild type aer sequence as shown by DNA sequencing. Only one
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revertant isolated from AerV260A mutant retained the V260A mutation. DNA
sequencing of the entire aer gene revealed that this revertant contained another point
mutation, C to T, which changed the Thr285 residue to isoleucine (T285I). Further
ananlysis by site-directed mutagenesis showed that a single T285I mutation in the Aer
protein retained aerotaxis, suggesting that T285I was not an allele-specific second-site
suppressor for V260A. The Thr285 residue is located in the MH1 region of the Aer C
terminus. In the Tsr and Tar chemoreceptors, the MH1 region is proposed to be a
continuous a-helix with the last segment of the HAMP domain (Butler and Falke, 1998;
Kim et al., 1999). If the corresponding fragment in Aer has the same strucure, the Aer
residues Val260 and Thr285 would be located on the same side of the a-helix but with
seven turns apart. Therefore, they are unlikely to interact with each other. Presumably,
the T285I mutation suppressed the V260A mutation by changing the protein
conformation to compensate the changes caused by the V260A mutation and therefore.
the upstream signals blocked by the V260A mutation could bypass V260A to reach the
signaling domain.
I. Aerotactic Responses and FAD Binding of the TM-deficient Constructs
The unique topology of Aer raises the possibility of direct interaction between the N
and C termini of the protein for signal transduction. The putative TM region, including
residues 167 to 204, might merely function as an element to anchor the protein in the
cytoplasmic membrane so that the protein is near components of the electron transport
system. Several receptors could be converted to partially functional proteins in a TMdeleted form, including the Tar chemoreceptor, suggesting the TM region may not be
absolutely required for signaling (Bassiri and Privalsky, 1987; Fernando et al, 1991;
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Hudziak and Ullrich, 1991; Ottemann and Koshland, 1997). To test the importance of
the Aer TM region in protein function and membrane anchoring, several constructs
containing modifications in the Aer TM region were generated and transformed into
BT3312 cells.
pQHl contained an exogenous fragment encoding four amino acids (Arg-Pro-ArgIle) between the Aer residues Alai 85 and Pro 186 (Fig. 2.1) that was introduced by sitedirected mutagenesis using the primers 186StuBamF and 186StuBamR (Appendix I).
The mutant protein retained 66.7% of the wild type Aer function in aerotaxis temporal
assays (Table 3.2), suggesting that the TM region could tolerate a small insertion.
Unlike pQHl, a TM-deleted form of Aer (A167-208) carried by pQH4 (Fig. 2.1) was
unresponsive to changes in oxygen concentrations (Table 3.2) and addition of various
redox compounds (data not shown). Neither did it bind FAD (Fig. 3.3). These results
were consistent with those of Bibikov et al. (2000), who replaced the Aer residues 168 to
203 or 161 to 207 with short, alanine-rich linkers (SASAP or GSAAAAP). Hence, the
putative TM region might be involved in aerotaxis signal transduction and FAD binding.
Alternatively, deletion of the putative TM region might have changed the orientation of
the N and C termini so that interacting residues were misaligned. One discrepancy
between my results and Bibikov’s is that my TM-deleted protein was located in the
membrane fraction, whereas Bibikov’s mutant proteins were soluble, possibly because
the alanine-rich linkers increased solubility (Bibikov et al, 2000).
I also replaced the Aer TM region with a 10-alanine linker (pQH14, Fig. 2.1). The
mutant protein failed to mediate aerotaxis signaling (Table 3.2) or to bind FAD, but was
partially soluble. Another mutant protein containing a 20-alanine linker (pQHl 5, Fig.
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Table 3.2. Aerotactic responses by the TM-deficient Aer proteins
Plasmid

Protein

Succinate

Expressed

Swarm Plate
+b

Duration of Response (s)

Capillary
Assay

+

O2 increase (0-21%)

O2 decrease (21-0%)

>150

27 ± 3c

NRd

NR

>150

18 ± 3

His6XAerAl 67-208

NR

NR

Aer 1.16b(Ala) 10Aer2ov-506

NR

NR

pAVR2

His6xAer2-506

pProEX HTa

None

pQHl

His6x Aer2-i 8s(RPRI)Aer 186-506

pQH4
pQH14

b

+

+

o\

a. All the plasmids were expressed in strain BT3312 (Aaer Atsr).
b. “+” indicates formation of an aerotactic ring in a succinate swarm plate assay or a sharp aerotactic band in a capillary assay;
indicates no formation of ring or band.
c. Data represent mean ± standard deviation for three trials from two independent experiments.
d. NR = no response

2.1) showed expression problems in a Western blot assay. Since A. Repik managed to
solubilize the N-terminal segment of Aer by substituting certain positively charged
residues in the PAS domain with cysteine, attempts to solubilize the Aer protein with
alanine linkers ceased temporarily.
J. Co-expression of the PAS Domain Mutants and the Signaling Domain Mutants
In a dimer of chemoreceptor, signal generated by ligand binding is transmitted from
the periplasmic domain of one subunit to the cytoplasmic domain of the other subunit.
Only one of the two signaling domains within a dimer is required for function, whereas
the HAMP domains of both subunits are indispensable (Gardina and Manson, 1996;
Tatsuno et al., 1996). Since Aer also formed a dimer (M. Johnson, personal
communication), it would be interesting to clarify if aerotaxis signal transduction is an
intra-subunit or inter-subunit event. This was achieved by co-expression of two defective
Aer monomers: one with a defect in the PAS domain for sensing and the other with a
mutation or deletion in the signaling domain for transmitting signals to the downstream
components (Fig. 3.16). Neither of the mutated Aer monomers was capable of
responding to oxygen changes when it was expressed alone. Complementation of
aerotaxis by formation of a heterodimer of these two mutant proteins would indicate a
mechanism of inter-subunit interaction for signal transduction.
To obtain a mutant in the signaling domain, the Ala403 residue in HCD of Aer was
mutated to threonine by site-directed mutagenesis using pGHl as the template. The
AerA403T mutant was shown previously to abolish aerotaxis but retain FAD binding
(Bibikov et al, 2000). The mutated plasmid was then digested with Sph\ and a 3.0-kb
DNA fragment containing the lacF gene and the Vtrc promoter, along with the mutated
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Fig. 3.16. Complementation studies of the PAS domain mutants and the signaling domain mutants. Different
combinations of the PAS domain mutants (AerR57C, AerH58C, AerD60C, or AerD68C in pProEX HTa) and
the signaling domain mutants (His6xAer2_285 or AerA403T in pACYC184) were co-expressed in E. coli BT3312
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strain (Azer &sr). Cells were grown to OD600 = 0.40 to 0.45 and 3 pi of each culture was inoculated on
succinate semi-soft agar plates supplemented with 100 pg/ml ampicillin, 50 pg/ml chloramphenicol, and IPTG
(20 pM, 50 pM, 100 pM, 200 pM, or 500 pM). None of the combinations restored aerotactic ring after 36 h
of incubation at 30°C.
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aer gene, was cloned in the Sph\ site of pACYC184 (Table 2.1) to obtain pQHl 1 (Fig.
2.1). A second construct, pQH12 (Aer2-285, Fig. 2.1), in which the gene for the Aer
signaling domain was deleted, was cloned by inserting a 2.4-kb Sph\ fragment from
pQHIO (Fig. 2.1) into pACYC184. pACYC184 was a vector compatible with pProEX
HTa by which all the PAS domain mutant genes were expressed.
Four PAS domain mutants (AerR57C, H58C, D60C, and D68C) generated previously
abolish aerotaxis signaling by interfering with FAD binding (Repik et al., 2000). Since
the C-terminal domains of these mutants were intact, they were used for the
complementation studies by co-transforming with pQHl 1 or pQH12 into BT3312 cells
(Fig. 3.16). Co-expression of different combinations of two mutant proteins at a similar
level was confirmed by a Western blot assay using the anti-HiS6XAer2-i 66 antiserum. All
the strains were inoculated on succinate semi-soft agar plates supplemented with 100
pg/ml ampicillin, 50 pg/ml chloramphenicol, and varying concentrations of IPTG.
However, none of the combinations complemented protein function, suggesting that
signal transduction by the Aer protein might be an intra-subunit event.
K. Replacement of the Cysteine Residues in Aer for Cross-linking Studies
Aer contains three cysteine residues, two in the TM region (Cysl93 and Cys203) and
one in the HAMP domain (Cys253). However, cysteine residue is quite rare in the other
chemoreceptors of E. coli. To probe the organization and spatial proximity of the two
Aer monomers in a dimer, these cysteines were substituted by site-directed mutagenesis
(Fig. 3.17). The plasmids pSB20-C193S and pSB20-C203A (Table 2.1; Bibikov et al.
2000) obtained from the Parkinson group were used for generating a variety of
combinations of double mutations (C193S/C203A, C193S/C253A, and C203A/C253A)
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Fig. 3.17. Diagram of the mutant constructs for in vivo cross-linking studies. Three native cysteine residues in
Aer are indicated by filled black balls. Circles represent mutations of the cysteine residues and diamond
represents the R235C or R235E mutation.
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AerC193S/C203A, and AerC193S/C253A mutants were able to cross-link like the wild-type Aer protein
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(His6xAer2_5o6)- The AerC203A/C253A and AerC193S/C203A/C253A mutants could not cross-link, indicating
that Cysl93 is not close to Cysl93' of the other subunit in an Aer dimer, but Cys203 and Cys253 are in close
proximity to Cys203' and Cys253', respectively.
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by site-directed mutagenesis using primers containing appropriate point mutations. The
C193S/C203A/C253A triple mutation was created by a second round of mutagenesis
using the AerC193S/C203A mutant as a template. Each plasmid was sequenced to verify
the expected mutation. None of the cysteine mutations interfered with aerotaxis
signaling.
The in vivo cross-linking studies was performed by F. Roy using an oxidant, Cu phenanthrolene, following the protocol of Lee et al. (1994). The results showed that both
the AerC193S/C203A and C193S/C253A double mutants were able to cross-link,
whereas the AerC203A/C253A and C193S/C203A/C253A mutants could not (Fig. 3.17).
This implied that the Cys203 and Cys253 residues of one Aer monomer were in close
proximity to Cys203' and Cys253' of the other Aer monomer, respectively. However, the
orientation of Cysl93 and Cysl93' prevented cross-linking.
L. In silico Studies on the PAS Domain-containing Chemoreceptors
In silico studies were carried out to identify other chemoreceptors containing the PAS
domain to better understand the phylogenetic distribution of the aerotaxis receptors and to
use comparative studies of the Aer homologs to gain insight into structure and function
relationships. Fifty-five proteins were retrieved by searching the NCBI finished and
unfinished microbial genome databases (http://www.ncbi.nlm.nih.gov/Microb_blast/
unfinishedgenome.html) for similarity to the amino acid sequence of the E. coli Aer
protein and by visual inspection of the chemoreceptors collected in the SMART database
(http://www.bork.embl-heidekberg.de/Modules/sinputs.html). Each protein contained
one to three copies of the PAS domain at the N terminus and a chemotaxis signaling
domain at the C terminus (Fig. 3.18). Most of these proteins also possessed the HAMP
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Fig. 3.18. Domain architecture of the representative PAS domain-containing chemoreceptors. Vertical lines in
the PAS domains indicate essential residues in the E. coli Aer protein that are present in these proteins. See Fig.
3.19 for species abbreviations.
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domain. Multiple sequence alignment and phylogenetic tree calculation of the PAS
domains using the CLUSTAL X program divided these chemoreceptors into two major
groups (Fig. 3.19).
Group I was composed of 32 proteins from the (3- and y-subdivisions of the
proteobacteria (Fig. 3.19). These chemoreceptors contained single copies of the PAS
domain that shared high levels of sequence identity (Fig. 3.20). The residues essential for
aerotaxis signaling in the E. coli Aer PAS domain, Ser22, Gly42, Glu47, Arg57, His58,
Asp60, Met69, Try79, Gly90, Tyr93, Glyl 10, and Tyrl 11 (Bibikov et ai, 2000; Repik et
al., 2000), were over 80% identical in these receptors, suggesting that they are Aer
homologs that sense a common stimulus (or stimuli) and utilize a similar signaling
mechanism. The Asp68 residue was 59% identical in the Aer homologs whereas the
Argl04 residue was only found in E. coli and the members of the Salmonella genus. All
the Aer homologs contained the HAMP domain (Fig. 3.21). As predicted by the DAS
program (http://www.biokemi.su.se/~server/DAS/), the Aer homologs possessed one
central hydrophobic sequence of about 30 to 40 residues that could anchor the proteins to
the cytoplasmic membrane to facilitate the interaction between the PAS domains with the
electron transport chain. One exception was the Aer homolog of Bordetella pertussis.
which was either soluble or attached to the membrane by the central 10 hydrophobic
residues. It is also possible that the genomic sequencing project of this organism still has
a gap in the aer gene sequence.
Group II of the PAS domain-containing chemoreceptors did not appear to be Aer
homologs (Fig. 3.19) and were soluble as predicted by the DAS algorithm. Therefore,
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Fig. 3.19. Phylogenetic tree of the PAS domain-containing chemoreceptors. The tree
was generated using the CLUSTAL X program (Thompson et al., 1997; Jeanmougin et
al., 1998). Bootstrap values, indicating the number of times a particular node was found
in trees generated from 1000 bootstrap replicates, are shown on the tree.

Group I

includes the Aer homologs and Group II includes proteins that are not Aer homologs.
This phylogenetic distribution resembles the tree generated from the full-length protein
sequences. If more than one Aer homologs were found in one strain, the proteins were
designated “Aer” followed by an Arabic number. Numbers after the species abbreviation
indicate the order of the PAS domain in a protein containing multiple repeats of the PAS
domain. Species abbreviations are: (i) Archaea: Aful, A. fulgidus, Hsal, H. salinarum;
HspNRC, Halobacterium sp. NRC-1; (ii) a-subdivision: Atum, Agrobacterium
tumefaciens\ Reap, Rhodobacter capsulatus\ Rpal, Rhodopseudomonas palustris; Smel,
Sinorhizobium melilotr. Cere, C. crescentus; (iii) p-subdivision: Bper, Bordetella
pertussis', Bpar, Bordetella parapertussis', Bbro, Bordetella bronchiseptica; Beep,
Burkholderia cepacia', Bpse, Burkholderia pseudomallei', Mfla, Methylobacillus
flagellatus', (iv) y-subdivision: EcolK, E. coli K-12; EcolOH, E. coli 0157:H7; Stmu, S.
typhimurium', Styp, S. typhi; Sdub, S. dublin'. Sent, S. enteritidis; Paer, P. aeruginosa'.
PputPRS, P. putida PRS2000; PputKT, P. putida KT2440; Pflu, P. fluorescens; Psyr, P.
syringae pv tomato; Ypet, Yersinia pestis; Ypse, Y. pseudotuberculosis', Sput, Shewanella
putrefaciens', Vcho, V. cholerae', 8-subdivision: Cjej, Campylobacter jejuni.
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Fig. 3.20. Multiple sequence alignment of the PAS domain-containing chemoreceptors.
Sequences were retrieved through BLAST searches (Altschul et al., 1997) of the finished
and unfinished microbial genome databases using the E. coli Aer sequence as a query.
Sequences were aligned using CLUSTAL X (Thompson et al., 1997; Jeanmougin et aL,
1998).

Similar residues are highlighted.

Residues essential for aerotaxis and FAD

binding are indicated with asterisks. Residues essential for aerotaxis but not for FAD
binding are indicated with “+”.

179

oo

o

Fig. 3.21.

Multiple alignment of the HAMP domain sequences of the PAS domain-containing chemoreceptors.

Sequences were aligned using CLUSTAL X (Thompson et al., 1997; Jeanmougin et al., 1998). Similar residues are
00

highlighted. Residues essential for aerotaxis and FAD binding are indicated with asterisks. Residues essential for
aerotaxis but not for FAD binding are indicated with “+”. Columns underneath the alignment indicate consensus at
individual positions.

CO

ho

**
*
* ** *
++ + +
Aer_EcolK EWQIVRPIENVAHQALKVAT-------GERNSVEHLNRSBgEGL
•MCRWLINDVSSQVSSVRNGSETLAKGTD|LNEH|
fLRAVGQLGL
Aer_EcolOH EWQIVRPIENVARQALK®r-------gERNSVEHLNRSDELGL
MCRWLINDVSSQVSSVRNGSETLAKGTD|LNEH|}
TLRAVGQLGL
Aer_Strau EWQIVRPIENVATQALK^T-------GERNSVQHLNRSDELGL
■ MCRWLINDV S S QV S SVRNG S E RLAKGNNDLNE HT
TLRAVGQLGL
MCRWLINDVSSQVSSVRNGSERIAKGNNHLNEHJJ
Aer_styp ewqivrpienvatqalkSt-------Iernsvqhlnrsdelgl
TLRAVGQLGL
Aer_Sent EWQIVRPIENVATQALKpJT-------GERNSVQHLNRKDELGl.
MLRAVGQLGL
■MCRWLINDVSSQVSSVRNGSERLAKGNNDLNEHT
NLRSL|DDVSGQVDGINTASNgIAAGNR|UCVR|
Aer_Yt>et ERQIARPIAAILQQAQDVSS-------GEAGDYVQLNRVDEI GY
LMRSVNQLGL
Aer_Ypse ERQIARPIAAILQQAQDVSS-------aEAGDYVQLNRVDEIGY
LMRSVNQLGL
•NLRSLJDDVSGQVDGINTASNEIAAGNRELKVRT
IMRAVNQAGL
NLRSLVDDVSEQLSGLQGASGKIAAGNDDLSGRS
Aer2_Bpse AAQITAPLQRVLKQSLAVAA-------JqAGDNVHLNRVDEIGM
MFRWLIDDVSEQVLTVQRAVN111AQGNHDLSARB
Aer l_Bpse DAQIARPLRTLRRQALDVjIt-------GASRRGVNMNRVDEI GM ■
SLRfINQLGL
Aer_Bcep KRQLAAPIREMSGFATRLAA-------GDLTADLHIARHDDLGE
VLQALNQLKA
NLAAIVYDVRAQITGMLDNAREISSGNVDLARRT
Aer_Bper RGAVLRTMEGAADMARQVJ|A-------InStTQIGSDANDEVGK
LAFSLDVMRK
GNQJLSAR|
NLVGIARLAFSLDVMRK
slvgiardvyggiegttqaalgiargnqelsar|
Aerl_Bbro RGAVLRTMEGAADMARQv|a-------GNLTTQIGSDATJDEVGK
LYF|LDIMRK
sligi stevigk|jse|vhti srlredsqglaarjj
Aer_Bpar GGRFGRQLRNAEEVARQiaA-------GNLVNEVDSGVGGEMRNAer2_Bbro GGRFGRQLRNAEEVARQIAA-------BNBVNEVDSGVGGEMRN
LYLYLDIMRK
SPIGISTEVIGKTSEHVHTISRLREDSQGLAART
vcAi092_vcho lntlveplgqcitvmsrvJe-------IdlntsmseeyqgefgrNCRNMVDKaTVS SARVATASTglADGNNflLSQRV
LASAVNASIV
MCP_Mfla -NSVIKPLREABDIANaSs-------GDLSHKFSASKTDETGMNIV AMITDIRTNIjQRINTGVNEI ANGNNDLSART
LLRALNQMNV
VC0098_Vcho -KMVVN-----EVKRVMTALSS------- GDLSAQLTHPFEGEFAE
tlrqiitdinsvaatiklaat3isngnt|i.ssrb
LGEVISQFIV
LKDFSNDfAQ
PAO17 6_Paer VDTADRGLRDVSRMLGALAQ-------GDLTQRIEADYQGTFGQ
SLSRMLGQIRfAADTINTAASEIASGNAELSARS
- -MAAi|NSLGAGLRAl|jE-------- GDLAQSIDTPFVPSMEM
MCPY_Smel
VRKDFNEALV
RLCRAMQTVGENASAIAGGAREIRSAADDLSKRT
McpA_Atum------ VENVEQLAGC LNRLAD------- GDLAQQIEKPFIPSLER
LRTDFNAASD
KLKRAMATVADNARAISAGSS|IRTAADELAKRg
LKADFNAAVD
SLKDAMGAIAEAAGGMESGAVEIASASNDLSKRT
McpD_Ccre RQEQDEIVSALANSLQRLAQ-------GDLTVRIDAHFDARRDR
McpH_Ccre------ VDAVNQIAQALARLAA------- NDlSYRMAAQIDAjp’AS
ALDEfIGAVASAfRNVATGANglSTASDNLSRRg
VRDDFNDAVA
RCLNMLSNGIRELQA------ fNLDVRLEKIRDDEFGE
fFEAFNEFAG
RMQEIVRKLADDMKE^ANQVREAAEAVNQMNAGM
TlpCl_Aful LA
bfeBneSaI
rmqexvrkla|dmke^anqvreaaeavnqmnagm
SNGIRELQA------ gNLDVRLEKIRDDEFGE
TlpC2_Aful LA ?grc:
VERARNISN------ NPLSQSLYTGRT0J3FGQ
IEFALRMMQA
ETGAIVGRIGDASNRLSEHSRGLLKDIESSNVLB
Tnl7 2l_Ecol -LEFALRMAQA----------- E^SAVIGRIGpASNQLNKFANDLLHNIEKSNILg
VPI
VC0512_Vcho -IQS CKDSD------ NPLSQVLYTGRsSfGQ
-----NPLSQGIYTGRRDQFGQ
IEFALQMLEA----------- QVGAWGRIGDASQRLAGHAAgLVDHLHSSHTS®
iLRP
TERAR
Aer_Pflu
IDLALRFLIS------------- EIGGWGRMADSASEIQEQSVN^KQTITNfgWEHA
Aerl_Sput
[QP QALVSV TNIID------ DPVAMGIYTGRQDEIGK
KKIYD------ NPLMAYIYTGQSBDLGA
IELALQMQNS------------- EaKSVLGRARDSCDKVTQEAKVSAAKGEEIQSTg
Aer2_Sput
IQLAMKMRQS------------- ELNAWGRIQDSSIQXGEAAKMSSQNSATTADNL
VCA0988_Vcho —Q 'RRLETLSQE RKVFD------ NPLMELVYNGRVBDLSE
LDFQLILLQA----------- KMNGVLGRJJQBQANQ LHAI ADGjLVVTTE Q§Y AS L
Aer3_Sput ----- :de fripak IDMQTiq|--DStSRYIYAG ADTSSI
QQ KQWQNfl--DSISRLIYSG-A^AFSV
ADYgLKMASA----------- RIRTILGRMMBSARPLGELANgLHLTTQEVHQAL
VCAO 6 5 8_Vcho----- iqe
LEMAMLSQDi----------- RMKTCLTRLQgSAEHLSDQARQSDALAHKSSTGL
RL EQTTS------ DPBIAQMFTDSRGVQAR
Aer3_PputKT LSWQQRG
RLAEQTTS------ DPLIAQMYTDSRGAQAR
LEMSILSQEl----------- RLKTCLTRLQDTAEHLTDQAKfflSDALAHNSSSGL
Mcp_Pf lu lqwqqrg:
RLAEqSs------ DPLIAQMYTDSRGPQAR
LEMSILSQQA----------- RLKTCLTRLq|tAEHLNNQArSaNSLANASSTGL
Aer2_Psyr LSWQQRG1
LEMAILSQDA------------- RLKTCLTRLQfrAEYLTEQARgADTLAHHSSAGL
RLAE QMS------ DPLIAQMYTDSRGDQAR
Aer_Paer LRWQKRG:
lql^iseeI------------- RLKTALTRLSDLAGQMAVAAHDAGQLSRSgEAAL
aegBa-------DPlAALBY S DLP GAAGQ
Aer_PputPRS RNALGRQ QQ1
LQLMl|lSEE|------------- RLKTALTRLSIJLAGQMAVAARDAGQLSRSgEAAL
AEGAFA------ DPXAALBYSDLSGAAGQ
Aer2_PputKT RNALGRQ <qq:
LDLAIISEEA----------- RLQTALTRLV|AGVGVKSRAAgSSDLSDAQAQML
Aerl_PputKT EHRQNQAIRR
gPKAFT------ SPLVALTYSDNPGLKGQ
LDLAMLSEEA----------- RLQTALTRLAIJTGE S VRQHAGRSAQLSLRQAE S L
Aerl_Psyr EMRQRRSIRSTLEEgP Hr------ ssivalbysdnrgpqaq
,SE(
|a------ GDLTARVDWFSgR|GH
McpR_Ccre TDDQDQV
VRDEFNAAMjj----------- KLGQVMDEISMAAGGLGESSD|VARVSQHLSRGA
RP
T
QQ.
SA-----LRQNgNEAIG----------- RMAELVGSILgSAQSIQSEgESLSGASAgLGRRg
MCPAl_Rcap ------ KAA
EDPFNIELEP-------- LRE DFNQMVA----------- GLKSLVTAISAEAQEVSQISG^JVAASAEVLQGRS
KQ-----MCPA2_Rcap ------ KTALNALSRA
Htrl5_Hsal ADAVEELVDELSTT DALSS-----SFEHEGIINEQL-VS WSALNOIAD----------- QFER LVGQVDGQfiQE LADTIERAT ADATDIADTV
DIAAEgTgLDDggHQ IGRNLTEFGD----------- TLAAglTEVHNDVERLEAASQAV SES S ABXDELg
HtA_Hsal QSELQALFGELVDT DAYDA-----EAARAGEQGRG-FAV VADEVRQLASRTSKATEEINQBNKNLSLfEAfTSSiSWSQIANfBNGRI
VCA0864 Vcho LWLSKDVSEIVKT SGIADQTNL

m

1

A

they might be intracellular sensors for detecting internal signals to direct the flagellar
rotation. Fifteen proteins were from archaea and the a-subdivision of the proteobacteria.
Three putative proteins of Pseudomonas aeruginosa, four proteins of V. cholerae, and
Cj 1110c of Campylobacterjejuni (s-subdivision) were also included in this group (Fig.
3.19). A majority of these soluble chemoreceptors contained duplicates of the PAS
domain. Only three essential residues in the E. coli Aer PAS domain (Gly42, Glu47, and
Gly90) were found in these proteins and those residues have not been implicated in FAD
binding (Fig. 3.20). The EF and FG loops, which are important for cofactor association.
were variable in length and sequence in these soluble PAS domain-containing
chemoreceptors (Fig. 3.20). Consequently, these receptors are presumably not Aer
homologs and may use signaling mechanisms different from that utilized by the Aer
proteins.
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CHAPTER FOUR
DISCUSSION
A. The HAMP Domain Is an Important Signal Transduction Module in
Chemoreceptors, Histidine Kinases, and Other Sensory Proteins.
Prokaryotic cells respond to environmental changes via receptors that control
phosphorylation-dependent signaling pathways. The majority of methyl-accepting
chemoreceptors and sensory histidine kinases of the two-component phosphorelay system
belong to a class of receptors that possess two TM regions flanking a periplasmic sensory
domain. Considerable evidence has shown that both types of receptors share features in
signaling regulation. Chimeric receptors containing the sensory domain of Tar or Trg
and the kinase domain of the E. coli EnvZ histidine kinase can transmit signals in
response to chemoattractants, indicating a similar mechanism of transmembrane signaling
shared by both classes of receptors (Baumgartner et al., 1994; Utsumi et al, 1989).
Sequence analysis reveals a PAS sensory domain co-existing with the chemotaxis
signaling domain (such as that in Aer) and histidine kinase domain (such as that in ArcB
of E. coli) (Ponting and Aravind, 1997; Taylor and Zhulin, 1999; Zhulin et al, 1997).
Sequence similarities are observed between chemoreceptors and two histidine kinases,
NarX and EnvZ of E. coli, in the linker region that joins TM2 to MH1 or the transmitter
domain of the kinases (Collins et al, 1992; Park and Inouye, 1997). The LEARNCOIL
program developed recently has revealed that the sequence in the linker region is
conserved in histidine kinases, in which the linker region forms a coiled-coil-like motif
(Singh et al, 1998). However, this program fails to identify similarities in the linker
regions between chemoreceptors and histidine kinases. Using a PSI-BLAST search, a
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more sensitive program for retrieving homologous sequences, I found that the linker
region (or HAMP domain; Aravind and Ponting, 1999) was conserved in a majority of
chemoreceptors and histidine kinases, as well as a few other proteins (Table 3.1).
The HAMP domain was originally thought to be a mechanical linker, but its function
in signal transduction has been gradually revealed. Genetic studies on a variety of
chemoreceptors and histidine kinases indicate that single amino acid substitutions within
the HAMP domain can significantly alter protein functions (Ames and Parkinson, 1988;
Butler and Falke, 1998; Collins et al, 1992; Fassler et al., 1997; Jung and Spudich, 1998;
Kalman and Gunsalus, 1990; Matsuyama et al, 1986; Oosawa and Simon, 1986; Park
and Inouye, 1997; Tokishita et al, 1992). Two NarX mutations (E208K and M219I) that
lock the kinase in the active state have identical counterparts in the Tsr chemoreceptor
(E248K and M259I) (Collins et al, 1992), suggesting that these two classes of membrane
receptors might use the same transmembrane signaling mechanism. In this study, I found
that the Aer HAMP domain was involved in aerotaxis signaling. This was consistent
with the observation of Bibikov et al (2000). Based on these results, we proposed that
this domain was an important signal transduction module.
Different from the observations made by Singh et al (1998), I observed that the
HAMP domain was not always present in close proximity to the last TM helix, nor did it
exist exclusively in membrane-bound proteins (Table 3.1, Fig. 3.6). This indicates that
the function of the HAMP domain may not be restricted to propagation of transmembrane
conformational changes. In some proteins such as Htrl and Niki, the HAMP domain
exists in the N terminus and no putative sensing domain is present (Fig. 3.6). In these
cases, the HAMP domain itself may function as a sensory (or signal input) domain to
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control the activity of the downstream effector domain. Alternatively, it may mediate
protein-protein interactions with the HAMP domain of the other subunit in a receptor
dimer, or with other sensory proteins. In fact, a second-site suppressor study has
demonstrated that the first HAMP domain of Htrl interacts directly with sensory
rhodopsin SRI to mediate color-sensitive phototaxis (Jung and Spudich, 1998). In
proteins with multiple tandem HAMP domains such as Nik-1 (Fig. 3.6), a serial
intramolecular association of these HAMP domains was proposed to form a regular
superstructure for interacting with other proteins (Aravind and Ponting, 1999).
Up to this date, none of the HAMP domains has been crystallized. The cytoplasmic
domain of Tsr or EnvZ did not form crystals if the HAMP domain was present because of
its high flexibility (S. Kim and O. Inouye, personal communication). Indirect studies
using computer-based analyses or genetic approaches suggest that the HAMP domain in
chemoreceptors is possibly a helical structure. Sequence alignment of 29 chemoreceptors
in the C-terminal cytoplasmic domain reveals two segments in the HAMP domain
containing the heptad pattern with highly hydrophobic residues in the first and fourth
positions, suggesting a possible coiled-coil structure (Le Moual and Koshland, 1996).
The HAMP domain in many histidine kinases has been predicted to be a coiled-coil
structure using the LEARNCOIL program (Singh et al., 1998). The Tar HAMP domain
is likely to contain two amphipathic helices joined by an “ordered, undetermined”
secondary structure (Butler and Falke, 1998). Williams and Stewart (1999) also reported
that many HAMP domains consist of two amphipathic sequences. My results using the
Jpred2 and PSIpred programs also supported the hypothesis that the HAMP domain of
most chemoreceptors contains two helices separated by a coil (Fig. 3.5). Nevertheless,
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current programs for predicting secondary structures are based on multiple alignment of
the sequences identified by the PSI-BLAST search and therefore, they reflect an average
of the calculated value of the similar sequences rather than a specific value for a certain
protein. For example, several predicted loops in the signaling domain of Tsr have been
proven to be a-helices by crystallography (Kim et al, 1999). As a result, the HAMP
domain in these proteins could be a helix contiguous with the oc4/TM4 and MH1 helices
as postulated by Kim et al. (1999).
In chemoreceptors and histidine kinases with a typical “two-transmembrane region”
topology, the HAMP domain may play an important role in transmembrane signaling
because of its special localization between the signal input and output domains.
Presumably, due to its flexibility, the HAMP domain amplifies the transmembrane
conformational change that involves a minor (1 A) downward movement of the TM2
helix, and transmits the change to the cytoplasmic signaling domain. Provided that the
HAMP domain is a coiled-coil structure and each of the two a-helices in a HAMP
domain has a buried packing face, it might form an oligomerization interface between
receptor monomers. Although the HAMP domain is unessential for dimerization as
revealed by a study on the EnvZ histidine kinase with a deletion in the HAMP domain
(Park et al, 1998), it might form a four-helical bundle to stabilize the dimeric interface.
Signal transmitted through the membrane presumably triggers a conformational change in
the interface between two HAMP domains, and is in turn transmitted to the
chemoreceptor signaling domain or the transmitter domain of the histidine kinases.
Alternatively, the two amphipathic sequences in a HAMP domain might interact with
each other as proposed by Williams and Stewart (1999). Since the first amphipathic
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sequence (ASI) of the HAMP domain in MCPs is proven to be a determinant of
membrane protein topology (Seligman and Manoil, 1994), the hydrophilic face may
associate with the inner membrane and the hydrophobic face may interact with the
second amphipathic sequence (ASH). ASI receives conformational change from the
sensory domain and ASH acts as a reception site for regulatory information transmitted
via ASI and ultimately regulates downstream signal output (Williams and Stewart, 1999).
Recently, the Maddock group at the University of Michigan (Ann Arbor, Mich.)
found that, in addition to the signaling domains, the HAMP domain of Tsr or Tar might
be partially responsible for the polar clustering of MCPs in E. coli cells (J. Maddock,
personal communication). Chimeric constructs containing a HAMP domain of the lowabundance receptors and a cytoplasmic signaling domain of the high-abundance
chemoreceptors did not form tight clusters as did a construct containing both the HAMP
and signaling domains from the high-abundance chemoreceptors.
B. Role of the Aer HAMP Domain in Aerotaxis Signal Transduction
In the prototypical chemoreceptors such as Tsr and Tar, the signaling mechanism by
which the extracellular signals are transmitted to the cytoplasmic signaling domain is
mostly clear (Falke and Kim, 2000). Identification of the E. coli aerotaxis receptor Aer
and its homologs has established a novel class of receptors that possess only one central
transmembrane region flanked by two cytoplasmic domains for sensing and signaling,
respectively. It is logical to expect that the signaling mechanism in this class of receptors
differs from that of the prototypical chemoreceptors and the Aer HAMP domain may
have a different function. Although the HAMP domain of Aer shares sequence
homology with other proteins, it contains many unique residues that might determine its
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characteristic function. This hypothesis is supported by observations with several AerTsr chimeras containing the N terminus of Aer fused to the signaling domain of Tsr. The
chimeric constructs restore aerotaxis when the fusion point occurs after the Aer HAMP
domain (Bibikov et al, 2000; Repik et al., 2000), but not anterior to the Aer HAMP
domain (A. Repik and B. Taylor, personal communication). The objective of this
dissertation was to elucidate the role of the Aer HAMP domain in aerotaxis signaling to
complement our current knowledge in receptor signaling mechanisms.
1. The HAMP Domain is Essential for FAD Binding.
The Aer2-23i polypeptide that lacked half of the HAMP domain lost the ability to bind
FAD, but the Aer2-285 polypeptide that contained an intact HAMP domain bound the FAD
cofactor, suggesting that FAD binding requires the HAMP domain. To study the amino
acid residues involved in aerotaxis, I used site-directed cysteine substitution and PCR
random mutagenesis approaches to obtain single amino acid mutations in the Aer HAMP
domain. Twelve point mutations between residues 205 and 265 were found to abolish
aerotactic responses (Fig. 3.7). These mutant proteins could be expressed at high levels
upon induction with IPTG and were associated with the cytoplasmic membrane (Fig.
3.11). However, functional studies demonstrated differences amongst these mutants.
Eight mutants that involved six amino acid residues failed to cause an increased level of
FAD in the membrane fraction (Fig. 3.3, 3.10), suggesting that these residues regulate
protein function via involvement in FAD binding to the PAS domain. Interestingly,
Val230 is the only critical residue identified in the hydrophobic face of the first
amphipathic helix, whereas five critical residues are clustered in the second putative
amphipathic helix with only one of them, Leu239, on the hydrophobic face (Fig. 3.7). In
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addition, the two missense mutations (E239K and L249E) identified by Bibikov and
coworkers (2000) also reside on the hydrophilic side of the second amphipathic segment.
Most mutations have dramatically altered the physical or chemical properties of the
residues. For instance, V230D converted a hydrophobic residue to a negatively charged
residue; E238K turned a negative charge into a positive charge; L239Q or L239R
changed a hydrophobic side chain to hydrophilic or charged; Q248R added a positive
charge to the residue and also changed a small amino acid to a large one. The positive
charge of Arg235 was essential for FAD binding since both R235C and R235E failed to
bind FAD (Fig. 3.3), but R235K restored protein function. The L241P and L249P
mutations possibly disrupted the helical structure since proline tends to be a helical
breaker. These alterations might have changed protein structure or abolished interaction
with other residues, thereby causing an impaired FAD-binding ability.
The primary FAD-binding site of Aer is in the PAS domain as revealed by genetic
studies (Bibikov et al., 2000; Repik et al., 2000). How the HAMP domain in the C
terminus affects FAD binding to the PAS domain in the N terminus remains to be
determined. The HAMP domain might interact directly with the FAD moiety. However,
this seems unlikely because the FAD molecule appears to fit well into the pocket
provided by the PAS domain, and none of the known cofactors is bound between the PAS
domain and another protein fragment. Another possibility is that, as proposed for other
MCPs, the HAMP domain of Aer might mediate dimerization, which could be a
prerequisite for FAD binding. Cysteine cross-linking studies carried out by F. Roy
demonstrated that Cys253 in the HAMP domain could form a disulfide bond with
Cys253' of the other Aer monomer in a dimer, indicating that the two HAMP domains
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are in close proximity to each other. However, the Aer2-23i construct lacking half of the
HAMP domain, and the R235C and R235E mutants also formed dimers (S. Herrmann
and M. Johnson, personal communication), suggesting that they knocked out FAD
binding using a mechanism other than affecting dimerization. It seems more reasonable
to speculate that the Aer HAMP domain interacts with the PAS domain and/or the FI
region to stabilize a conformation that binds FAD. Mutations in the HAMP domain
might alter such interactions and in turn change the conformation so that FAD cannot
bind. Evidence supporting this hypothesis is discussed in the following sections.
Moreover, the HAMP domain might be essential for the global folding of the Aer protein.
2. The HAMP Domain Stabilizes Folding of the PAS Domain and/or FI Region.
All the FAD-deficient HAMP domain mutants lowered the levels of protein
expression in an uninduced condition. However, upon IPTG-induction, these mutant
proteins could be expressed to a level equivalent to that of the wild type Aer protein, but
could not restore FAD binding or aerotaxis signaling. This result suggested that the
defect in FAD association was not due to lower levels of protein expression.
In an attempt to purify the Aer PAS domain, S. Herrmann demonstrated that a variety
of the Aer N-terminal truncated constructs (His6XAer2-i66, His6xAer2-i45, His6XAer2o-ii9,
and His6XAer2o-i3i) were not soluble (S. Herrmann and M. Johnson, personal
communication), although they were predicted to be soluble by hydropathy plot. Further
analyses showed that these constructs formed irreversible complexes with the GroEL
charperone protein and none of them could leave the complexes even with the addition of
ATP or overexpression of GroEF/GroES. On the other hand, the His6xAer2-23i, His6xAer2285, and His6XAer2-506 constructs were able to dissociate from GroEL and insert into the
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cytoplasmic membrane, suggesting that the transmembrane region and part of the HAMP
domain (residues 205 to 231) were required for the N terminus to fold properly.
In E. coli, GroEL captures and folds unfolded proteins into their native structure, in
which the hydrophobic residues are buried in the interior, before it releases the protein to
the aqueous cytosolic environment. Proteins containing two or more a/p folds with
extensive hydrophobic surfaces tend to fold slowly and require GroEL to maintain the
correct conformations (Houry et al, 1999). PAS domains from different proteins share a
distinctive structure of a/p folds (Borgstahl et al, 1995; Crosson and Moffat, 2001; Gong
et al, 1998; Morais Cabral J.H. et al, 1998), and thereby might be preferred substrates
for GroEL. As a result, it is speculated that the Aer PAS domain and FI region are
structurally unstable in the absence of the putative TM region and HAMP domain, and
thus the protein precipitates into inclusion bodies or forms a high-affinity complex with
GroEL. It is possible that the residues of the HAMP domain interact with the PAS
domain and/or FI region and shield hydrophobic residues from the aqueous phase.
Alternatively, the putative TM region and HAMP domain might be required for the
proper folding sequence of the PAS domain. This phenomenon has been reported with C,crystallin, an aggregation-prone eye lens protein, which precipitates despite
overexpression of the chaperones after the N-terminal NADPH binding Rossman fold is
deleted (Goenka and Rao, 2000). In either case, the Aer HAMP domain is necessary for
maitaining the proper conformation of the PAS domain to bind FAD and to signal.
Presumably, the HAMP domain mutations caused low levels of protein expression might
have destabilized protein structure and increased its susceptibility to in vivo proteolysis.
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3. Interaction between the HAMP Domain and the PAS Domain and/or FI Region
The membrane topology of the Aer N terminus has not been demonstrated, but
several lines of evidence suggest that it is located in the cytoplasm. There is only one
hydrophobic region of 38 residues preceding the Aer HAMP domain that is just long
enough to transverse the cytoplasmic membrane twice. The Pro 186 residue in the center
of this hydrophobic sequence, along with a few residues surrounding it, can form a “Utum” (Fig. 1.4). There are several consecutive positively-charged residues on both sides
of the hydrophobic sequence (Rebbapragada et al, 1997). It has been established that
successive positively-charged residues near the boundaries of a TM segment are always
located in the cytoplasm, whereas negatively charged residues near the boundaries of a
TM region tend to be exported (Dalbey, 1990; Ehrmann et al, 1990; Kimbrough and
Manoil, 1994; Seligman et al, 1995). As a result, both the N and C termini of Aer are
proposed to be located in the cytoplasm, separated by the central hydrophobic sequence
that anchors the protein to the membrane (Fig. 1.4; Bibikov et al, 1997; Rebbapragada et
al, 1997). The fact that the HAMP domain was involved in FAD binding and folding of
the PAS domain strongly supports this proposed membrane topology. Furthermore, all
the currently identified PAS domains are invariably intracellular sensors (Taylor and
Zhulin, 1999; Zhulin et al, 1997), and hence, Aer is not expected to be an exception.
Given its predicted intracellular location, the sensory transduction pathway from the
Aer N terminus might involve direct interaction between the N-terminal PAS/FI domain
and the HAMP domain. I identified three putative amphipathic helices in the HAMP
domain that could mediate protein-protein interactions since the hydrophobic faces must
be shielded from the aqueous phase. The Aer209-285 fragment acted as a dominant193

negative mutant and may compete with the HAMP domain of the wild type Aer protein
for binding to the PAS domain, thereby interfering with the Aer-mediated responses (Fig.
3.8). This model for signal transduction is supported by the evidence discussed above
that the Aer HAMP domain interacts with the PAS domain. Inter-domain interaction
provides the best explanation for the findings that the HAMP domain was absolutely
required for the PAS domain to fold properly and bind FAD. HAMP domain residues
might interdigitate with the hydrophobic side chains on the external surface of the FADbinding pocket in the PAS domain. Mutations of these residues would eliminate such
interactions and expose the hydrophobic groups of the PAS domain to the aqueous phase.
leading to an altered conformation that is inaccessible to FAD.
A recent study showed that replacement of individual positively charged surface
residues in the (3-scaffold of the PAS domain (Lys84, Arg86, Arg87, Lys88) with aspartic
acid or cysteine retained protein activity and solubilized the N terminus of Aer (A. Repik
and B. Taylor, personal communication). This indicates that eliminating the positive
charges might stabilize the conformation of the PAS domain. One interpretation for this
is that these consecutive positive charges of the PAS domain are neutralized by
interactions with certain negatively charged residues of the HAMP domain. Without the
HAMP domain, exposure of these positive charges to the cytoplasm leads to an electric
repulsion between these residues that disrupts the global structure of the PAS domain and
exposes interior hydrophobic residues. Eliminating at least one of the positive charges
might have reduced the electric repulsion so as to maintain a correct PAS fold.
Requirement of co-existence of the HAMP and PAS domains for proper folding
seems to be reciprocal, since in the absence of the PAS domain, the Aeri22-506 and Aeri6o194

506 polypeptides were unstable and cleaved at the end of the HAMP domain (see Section
B in Chapter Three). This observation also supports the hypothesis of direct interaction
between these two domains.
The FI region of Aer (residues 122 to 166) is also important for protein function as
shown by Bibikov et al. (2000). Secondary structure prediction with PSIpred suggested
that the FI region was a long helix that was connected to the PAS domain and TM region
by two hinges (Fig. 1.4). No amphipathic pattern was observed with the FI helix. It is
not known how the FI region is involved in aerotaxis. Possible mechanisms include: (i)
the FI region interacts with the PAS domain to stabilize the FAD-binding pocket; (ii) FI
interacts with the HAMP domain for signal transduction and/or folding of the whole
protein; and (iii) the FI segment plays a part in dimerization.
Failure in complementing aerotaxis by co-expression of a HAMP domain mutant and
a PAS domain mutant suggested that the interaction between the HAMP domain and PAS
domain and/or FI region might occur within one Aer molecule (Fig. 3.16).
Consequently, I developed an intra-molecular second-site suppressor analysis to
investigate the inter-domain interactions. Seven HAMP domain mutations, V230D,
R235E, L239Q, L239R, Q248R, D269H, and V260A, were used as the “baits” for
obtaining second-site suppressors. Other mutations in which residues were mutated to
glycine or proline were not included in this study because glycine and proline tend not to
be involved in interactions with other amino acids. The frequency of spontaneous
reversion was very low. M. Brandon also performed random mutagenesis of the
plasmids using a mutD strain (RP526) or a hydroxylamine mutagenesis method (Liu and
Parkinson, 1991) under my supervision, but did not isolate any second-site suppressor.
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Owing to the low frequency of spontaneous reversion, I designed a new approach for
second-site suppressor analysis. First of all, to avoid homologous recombination between
the plasmid and the inactivated aer gene in the chromosome, a new receptor-free strain
with a deletion of the aer gene should be generated. This can be achieved by allelicexchange using the pK03 plasmid containing an antibiotic cassette flanked by DNA
fragments that are upstream and downstream to the aer gene (>500 bp). The protocol of
PCR random mutagenesis for the HAMP domain will be used to generate mutations in
the N terminus of Aer. To facilitate cloning, a restriction site with silent mutations will
be introduced upstream to the PAS domain coding sequence by site-directed mutagenesis
using plasmids with single mutations in the HAMP domain as the templates. These
plasmids contain a BstB\ site behind the TM coding region that can be used for cloning.
Next, the forward primer with the new restriction site, along with the 204BstBIR primer.
will be used to PCR-amplify the gene encoding the Aer PAS domain, FI region and TM
region under a low-fidelity condition as described in Materials and Methods (Section
C.5.d). The randomly mutated fragments will be cloned into plasmids containing the
remaining portion of the aer gene with different HAMP domain mutations. Finally,
complementation of aerotaxis will be assayed in the new receptor-free strain using the
selection method described in this dissertation.
Currently, K. Watts is continuing this project. Preliminary results revealed a
mutation, S28G, in the Bp strand of the PAS domain as a second-site suppressor for
L239Q. S28G specifically compensated the L239Q mutation and partially corrected the
defect caused by the L239R mutation. However, it did not complement Q248R or
V260A. These data corroborated the hypothesis that there is direct interaction between
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the HAMP domain and the PAS domain. Presumably, mutation from leucine to
glutamine increased the length of the side chain, and thereby caused steric hindrance
between the interacting elements of the PAS and HAMP domains. Replacement of Ser28
with glycine in the PAS domain reduced the size of the side chain so that the interaction
was resumed. Since arginine has a bigger side chain than glutamine, the S28G mutation
might not resume a perfect conformational fit between the PAS and HAMP domains.
The evidence that Leu239 is located on the hydrophobic face of the second putative
amphipathic sequence in the HAMP domain is consistent with my speculation that the
hydrophobic side of this segment interacts with the PAS domain. Further analysis is
being carried out to isolate other second-site suppressors and to investigate the
mechanisms by which the suppressors compensate the primary mutations.
4. The Dimeric Interface between Two HAMP Domains Might Transmit Signals to the
Signaling Domain.
In addition to sensing the upstream signal output, the Aer HAMP domain must also
transmit signals to the signaling domain to modulate its activity. The four null mutations
retaining FAD binding are located in the third amphipathic helix of the HAMP domain
(Fig. 3.7), suggesting that this region might not interact with the PAS domain.
Presumably, this segment propagates signals from the former two amphipathic sequences
to the methylation helix to control the activity of the signaling domain. Successful crosslinking between the Cys253 and Cys253' residues implies that the hydrophobic side of
the third amphipathic segment of the HAMP domain might contribute to the dimeric
interface. This interface seems to be critical for signaling since a V264M mutation in this
region inverted aerotactic responses. The V260A mutation, which lowered protein
197

expression, is also in the dimeric interface. This mutation might have elicited a
conformational change that not only blocked signal transduction but destabilized the
HAMP domain structure as well. The T285I mutation, which is located downstream in
the dimeric interface, might lead to a conformational change that compensates for the
changes caused by the V260A mutation, and thereby restore signaling. Taken together, I
propose that residues in the hydrophobic surface of the third amphipathic sequence
interact with their counterparts from another Aer monomer and stabilize the dimeric
interface. Conformational changes in this interface propagate aerotaxis signals to the
signaling domain of Aer.
5. A Three-subdomain Working Model for the Aer HAMP Domain
Based on the structural and functional features, a tentative working model for the Aer
HAMP domain in signal transduction is proposed. The three putative amphipathic
sequences of the HAMP domain might serve as three subdomains with distinctive
functions in aerotaxis signal transduction (Fig. 4.1). Subdomain 1 contains the
topological determinant for the Aer protein to anchor to the inner membrane in the
correct orientation. The hydrophobic residues in Subdomain 1 interact with the surface
hydrophobic residues of the PAS domain and/or FI region and maintain proper folding.
Subdomain 2 is essential for FAD binding. It may interact with the PAS domain to
stabilize the conformation for FAD to bind and receive sensory signals from the PAS
domain upon sensing changes in the redox potential in the electron transport system.
Subdomain 3 is involved in dimerization. Dynamic changes in the hydrophobic
dimerization interface in response to sensory input mediate signal transduction from the
HAMP domain to the signaling domain.
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Fig. 4.1. A proposed working model for the Aer HAMP domain. The HAMP domain sequences of five
chemoreceptor are aligned. Sequence of Tar is from S. Typhimurium, whereas other sequences are from E. coli.
Conserved residues are highlighted. Asterisks denotes identical residues. The two amphipathic sequences in
sC
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Tar are underlined. The mutations in the Aer HAMP domain that caused a null phenotype are indicated with
arrows.

Experimental observations with the three putative amphipathic helices are shown underneath the

alignment and function of each amphipathic helix is proposed.
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6. A Proposed Mechanism for the Super Swarmers
The fact that the mutations leading to super swarmers were present throughout the
HAMP domain sequence also supports the importance of the HAMP domain in signaling.
G. Alexandre in the Zhulin laboratory (Georgia Institute of Technology, Atlanta, Ga.) and
P. Ames in the Parkinson group also observed similar swarming patterns on tryptone
semi-soft agar plates with certain cheB mutants of A. brasilense and tsr mutants of E.
coli, respectively (personal communication). The mechanism of forming large swarming
size and ring on swarm plates is unclear. One possible explanation for the aerotactic
super swarmers is that mutations in the Aer HAMP domain led to the cells favoring
higher oxygen concentrations and/or adaptation to concentration changes more quickly
than the wild type strain. Therefore, the super swarmers could reset the prestimulus
status in a short period and move out much further in the agar than the wild type cells.
Further analysis is required to elucidate the mechanism of this unique phenotype.
C. Role of the Aer TM Region in Aerotaxis Signaling and Topology
Failure to observe aerotaxis by several TM-deletion constructs suggested the
possibility that the TM region might be required for aerotaxis signaling (Bibikov et al.
2000; A. Repik and B. Taylor, personal communication). However, with increasing
evidence supporting a model of direct interaction between the HAMP domain and the N
terminus, we favor the hypothesis that the TM region does not transmit signals directly.
One possibility is that the TM region anchors the Aer protein in the membrane so that the
PAS domain is in contact with the electron transport system, which is membraneassociated. However, I observed that a TM-deleted mutant protein (Al67-208, pQH4,
Fig. 2.1) associated with the membrane but did not retain the FAD cofactor, presumably
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because the PAS domain conformation was not stabilized by the HAMP domain. This
supports a more plausible model in which the TM region places the PAS and HAMP
domains in a proper orientation for interaction. The absence of a TM region might have
changed the orientation between the N- and C-terminal segments, and thereby disrupted
the inter-domain interaction. Subsequently, the hydrophobic residues of the PAS domain
were exposed to the cytoplasm, and therefore, the PAS domain underwent a
conformational change and lost the FAD moiety.
D. PAS Domain-containing Chemoreceptors
With the fast pace of genomic DNA sequencing, I have identified 55 PAS domaincontaining chemoreceptors from archaea and the a-, P-, y-, and e-subdivisions of the
proteobacteria. Interestingly, the Aer homologs are found exclusively in the p- and ysubdivision of the proteobacteria. Almost all the amino acid residues essential for FAD
binding in the PAS domain of the E. coli Aer protein are present in the Aer homologs,
suggesting that the Aer homologs may contain the FAD cofactor and utilize the same
mechanism to mediate aerotaxis, energy and redox taxis. The occurrence of Aer
homologs in these bacteria confirms the importance of aerotaxis and energy taxis as a
survival mechanism.
The PAS domain-containing chemoreceptors from archaea and the a- and 8subdivisions of the proteobacteria are soluble and do not contain the critical residues for
FAD binding. Therefore, these proteins may bind different cofactors and detect stimuli
other than changes in the redox potential of the electron transport system. Given the
predicted intracellular localization, these sensory proteins might guide the cell movement
by sensing internal signals that are generated inside the cell or converted from external
202

stimuli. Two members of the y-subdivision, P. aeruginosa and V. cholerae, have several
soluble PAS domain-containing chemoreceptors in addition to the Aer proteins, implying
that energy taxis and taxis to other internal stimuli might play an important role in
colonization and virulence by the pathogenic bacteria. The presence of Group II PAS
domain-containing chemoreceptors in proteobacteria from the (3- and y-subdivision was
unique, raising the possibility that these chemoreceptor genes resulted from horizontal
gene transfer.
E. Future Studies
Current projects in our laboratory focus on (i) continuing isolation of HAMP domain
mutations and identifying contacting residues between the HAMP domain and PAS
domain/FI region, (ii) solubilizing the Aer PAS domain for crystallographic studies, and
(iii) investigating regulation of expression of the aer gene. Several other aspects on the
structure and function of Aer also need to be addressed to contribute to our understanding
of signaling mechanism of aerotaxis.
1. Membrane Topology of the Aer Protein
The current model of the membrane topology of Aer is based on theoretical
speculations and indirect experimental data. It is necessary to confirm the intracellular
location of the N-terminal PAS domain and FI region, and to clarify the arrangement of
the putative TM region in the membrane. Inter-molecular cross-linking between the two
TM regions in an Aer dimer can be utilized to determine the spatial proximity and
arrangement of the TM regions. Immunoelectron microscopic study using rabbit antiAer2-166 antiserum (Repik et at, 2000) and colloidal gold particle-conjugated goat anti
rabbit IgG is expected to reveal the location of the Aer N terminus relative to the
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cytoplasmic membrane. This study will be conducted in collaboration with the Maddock
group (University of Michigan, Ann Arbor, Mich.). Inter-molecular cross-linking study
between the two TM regions in an Aer dimer can be utilized to determine the spatial
proximity and arrangement of the TM regions. Intra-molecular cross-linking study
between two residues in one putative TM region should also be performed. It will not
only elucidate whether the TM region exists in the membrane as a “hairpin” or a
stretched helix, but also determine if the TM region is involved in signal transduction
since formation of disulfide bonds might lock signaling if there is any.
2. Cysteine Cross-linking and Disulfide Scanning of the HAMP Domain
The structure of the Aer HAMP domain remains obscure. Several programs for
predicting secondary structures suggested it to be a helix-coil-helix, corresponding to the
structure revealed by cysteine and disulfide scanning of the Tar HAMP domain (Butler
and Falke, 1998). However, the structural predictions were based on multiple sequence
alignment. Since the Aer HAMP domain does not share high sequence similarities with
other HAMP domains, the prediction might not be accurate. The presence of three
hypothetical amphipathic sequences (Fig. 3.7) indicates that the Aer HAMP domain
consists of a continuous helix or three helices separated by two coils. To solve this
puzzle, each consecutive position of the Aer HAMP domain can be replaced with
cysteine in the cysteine-ffee aer construct and the chemical reactivity at each position can
be measured to determine surface accessibility and secondary structural elements. This
study will reveal the buried and exposed faces of the HAMP domain and provide clues on
protein-protein interactions. In addition, the cysteine-substituted mutants can be utilized
for in vivo cross-linking studies using the oxidant Cu2+-phenantherionin. This will not
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only elucidate the dimeric interface in the H AMP domain but also determine if locking
the dimeric interface would block signaling, and thereby shed light on the signaling
mechanism.
3. Cysteine Substitution and Cross-linking Studies on the Surface Residues of the PAS
Domain
The surface residues of the Aer PAS domain are of great interest. Some of these
residues might interact with certain component(s) in the electron transport chain to sense
changes in redox potential. Others might interact with the HAMP domain and/or FI
region to maintain a stable conformation and transmit signals to the downstream
elements. Furthermore, PAS domains are known to mediate protein-protein interactions
by forming homodimers or heterodimers with other PAS domain-containing proteins
(Huang et al., 1993; Kay, 1997). But whether the Aer PAS domain mediates
dimerization remains to be determined. To investigate inter-domain and inter-protein
interactions, cysteine substitution can be performed on the surface residues of the PAS
domain. These cysteine mutants can be used for cross-linking studies between two PAS
domains in an Aer dimer, or with other cysteine mutants in the HAMP domain and FI
region to determine their spatial proximity. In addition, cysteine mutations of certain
exposed residues might solubilize the PAS domain as in the case of the positively
charged residues in the P-scaffold (A. Repik and B. Taylor, personal communication),
thereby providing information on folding and interaction with GroEL.
4. Random Mutagenesis of the FI Region
The Aer FI region also appears to be essential for FAD binding and signaling
(Bibikov et al, 2000). How the FI region mediates signaling needs to be addressed to
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better understand the signaling mechanism of the Aer transducer. Single amino acid
mutations in the FI region can be obtained by PCR random mutagenesis using the same
procedure as that for the HAMP domain as described in this dissertation. This method
has produced primarily single-base mutations in the 230-bp fragments and several double
mutations. Therefore, it should be feasible to mutate the ~ 100-bp DNA fragment for the
FI region. Increasing cycles of the mutagenic reaction as required can easily elevate the
mutation frequency. Since there is a unique Smal restriction site located anterior to the
FI region and affonBI site immediately following the FI region, primers containing these
two restriction sites can be easily designed for mutagenesis of the FI region and inverse
PCR amplification of the remaining portion of the plasmid.
5. Solubilization of the Aer Protein
In order to crystallize the Aer PAS domain for structural analysis and to study
interaction between the PAS domain and the electron transport system, a soluble form of
the Aer PAS domain or N terminus that retains FAD-binding ability is desired. A current
study by A. Repik has increased the solubility of the Aer N terminus by substituting
certain positively charged residues in the PAS domain. However, the soluble constructs
appeared not to bind the FAD cofactor possibly because FAD binding requires the co
existence of the HAMP domain and/or FI region. As a result, a construct containing the
entire N terminus plus the HAMP domain might be required. Nevertheless, deletion of
the TM region might have changed the proper orientations of the two domains and
abolished FAD binding. Replacement of the TM with a short alanine-rich linker
(Bibikov et al, 2000) or a ten-alanine linker failed to restore FAD binding. A flexible
glycine-serine-rich linker might be able to solubilize the mutant protein and restore FAD206

binding activity. The length of the flexible linker should be carefully designed since an
improper length might also alter the orientations between the N and C termini of Aer.
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APPENDIX I
Sequences of the Primers for Site-directed Mutagenesis
121 EhelF

5 -GCGACGGATGAAGGCGCCGAGATCGCGGCGGTG-3'

121 EheIR

5 '-C ACCGCCGCGATCTCGGCGCCTTCATCCGTCGC-3'

159EheIF

5 -GGTAAACTGCCTTCATTAGGCGCCCCGCTTCGCTGGCGG-3'

159EheIR

5 -CCGCCAGCGAAGCGGGGCGCCTAATGAAGGCAGTTTACC-3'

186StuBamF 5 -GGTTTGTTGCTGCCAGGCCTAGGATCCCGGTGGTGACGTAT
ATCC-3'
186StuBamR 5 -GGATATACGTCACCACCGGGATCCTAGGCCTGGCAGCAACA
AACC-3'
C193SF

5 '-GGTGACGTATATCCTC AGTGCGTTAGTGG-3'

C193SR

5 -CCACTAACGCACTGAGGATATACGTCACC-3'

Q218CF

5' -GAAAAT GIT GC CC ATT GT GC ACT GAAT GT GGC G-3'

Q218CR

5' -CGCC ACCTT C AGT GC AC AAT GGGCAACATTTTC-3'

K221CF

5 '-GCCC ATACGGCACTGTGTGTGGCGACCGGAGAACG-3'

K221CR

5 -CGTTCTCCGGTCGCCACACACAGTGCCTGATGGGC-3'

V222CF

5 '-GCCCATCAGGCACTGAAGTGTGCGACCGGAGAACG-3'

V222CR

5 -CGTTCTCCGGTCGCACACTTCAGTGCCTGATGGGC-3'

E226CF

5 -GTGGCGACCGGATGCCGTAATAGTGTTGAG-3'

E226CR

5 -CTCAACACTATTACGGCATCCGGTCGCCAC-3'

R227CF

5 -GCGACCGGAGAATGTAATAGTGTTGAG-3'

R227CR

5 -CTCAACACTATTACATTCTCCGGTCGC-3'

V230CF
V230CR

5' -GGAG AAC GTAATAGTT GCGAGC ATCT GAAT C GC-3'
5 '-GCGATTCAGATGCTCGC AACTATTACGTTCTCC-3'

V230DF

5 -GGAGAACGTAATAGTGATGAGCATCTGAATGCG-3'

V230DR

5 -GCGATTCAGATGCTCATCACTATTACGTTCTCC-3'

E231CF

5 -GAACGTAATAGTGTTTGCCATCTGAATCGCAGC-3'

E231CR

5 -GCTGCGATTCAGATGGCAAACACTATTACGTTC-3'

R235CF

5' -GAGC AT CT GAATT GC AGCGAT GAGCTG-3'
235

R235CR

5 '-C AGCTCATCGCTGC AATTC AGATGCTC-3'

R235EF

5 '-GAGC ATCTGAATGAGAGCGATGAGCTG-3'

R235ER

5 '-CAGCTCATCGCTCTCATTC AGATGCTC-3'

R235KF

5 '-GAGC AT CT GAATAAGAGCGAT GCGCT G-3'

R235KR

5 '-CAGCTCATCGCTCTTATTC AGATGCTC-3'

L239CF

5 '-CGC AGCGATGAGTGCGGGCTGAC ATTACG-3'

L239CR

5 '-CGTAATGTC AGCCCGC ACTC ATCGCTGCG-3'

G240CF

5 '-CGCAGCGATGAGCTGTGCCTGACATTACGTGCG-3'

G240CR

5 '-CGCACGTAATGTCAGGC AC AGCTC ATCGCTGCG-3'

T242CF

5 '-GAGCTGGGGCT GT GTTTACGT GCGGTAG-3'

T242CR

5 '-CTACCGC ACGTAAAC AC AGCCCCAGCTC-3'

G250CF

5 '-GCGGTAGGGC AACTTT GCCT GAT GT GCCG-3'

G250CR

5 '-CGGC AC ATC AGGC AAAGTTGCCCTACCGC-3'

C253AF

5 '-GC AACTTGGCCTGATGGCCCGTTGGCTAATTAACG-3'

C253AR

5 '-CGTTAATTAGCC AACGGGCC ATCAGGCC AAGTTGC-3'

T285IF

5 '-GAACTGAACGCCC ATATCC AGC AGACAGTTG-3'

T285IR

5 '-C AACT GTCTGCT GGAT AT GTTCGTT C AGTTC-3'

A403TF

5 '-GCCGC AGCGCTAATACTGCC AACGATATTCG-3'

A403TR

5 '-CGAATATCGTTGGC AGT ATTAGCGCTGCGGC-3'
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APPENDIX II
Multiple Sequence Alignment of the HAMP Domains
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Abbreviations of consensus residues: h, hydrophobic (ACFGILMPTVWY); 1, aliphatic (ILMV); p, polar (DEHKNQRST); s, small (ACDGNPSTV); t,
turn-like (ACDEGHKNQRST).

b.

Left column shows the protein names, followed by abbreviations of the organisms, which are combinations of the first letter of the genus and the species
(see Table 3.1 for species and GenBank accession numbers). Single letters following the species abbreviations indicate the order of the HAMP domains
that are present in proteins containing multiple HAMP domains.

